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-Abstract: 
John Gilles: Investigating Brass Granular Media for Point-of-Use Water Treatment: Microbial 
Inactivation, and Copper and Lead Removal  
(Under the direction of Orlando Coronell and Mark Sobsey) 
 
 Brass granular media has the potential to inactivate microbial contaminants and remove 
metal contaminants from water which would be useful in treating water at the point-of-use. In 
order to evaluate the feasibility of brass for use in water treatment, experiments were conducted 
to:  (i) characterize the microbial inactivation and copper and lead removal of brass in a batch 
and column configuration; (ii) determine the influence of the metal ions on the disinfection 
kinetics. In a batch configuration with mixing, brass was able to inactivate E.coli and MS2 and 
remove copper and lead from water.  The majority of the microbial inactivation from brass was 
found to be attributed to the presence of brass media itself and not the ions released into solution. 
In a column configuration, E. coli, MS2 and lead removal were low (0.5 Log10, 0.5 Log10 and 
20% respectively); however copper removal was >95%.   
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1. Introduction 
 
1.1 Background 
 
Drinking untreated water can lead to many adverse health effects if the water is 
contaminated (Prüss et al. 2002). In locations where treated piped water systems do not exist or 
where piped water has the potential of being contaminated due to inadequate treatment or 
compromises in the distribution system, one option to remove contamination is point-of-use 
(POU) water treatment. While many solutions exist for treating drinking water at POU in the 
home, they are often too expensive, inaccessible or unreliable for use in low resource settings.  
However, many POU solutions have been tailored directly for low resource, low income settings. 
These technologies include ceramic pot filters, POU membrane filters, biosand filters, solar 
disinfection (SODIS), boiling, and chlorine disinfection. These solutions have generally turned 
out to be “Yes but” solutions; i.e. solutions that have positive attributes but also have 
disadvantages that limit their effectiveness and widespread uptake and sustained use. 
Yes, you can provide clean drinking water with a variety of POU technologies as listed 
above (Sobsey et al. 2008) but there is a review that suggests that the POU technologies are not 
ready for scale-up (Schmidt and Cairncross 2009). Yes, chlorine can kill microbes (Levy et al. 
2014) but the taste of chlorine is often unappealing to people (Reller et al. 2003; Luoto et al. 
2011; Roma, Bond, and Jeffrey 2014) and it needs to be purchased regularly, so use can decrease 
over time when there are other expenses (Sobsey et al. 2008). Yes, ceramic pot filters can remove 
pathogens, and be produced locally and inexpensively (Rayner 2009; Lantagne and Clasen 
2012), but they break easily, clog, fail to remove viruses and/or fail to gain acceptance because 
of slow water production (Lantagne 2001). Yes, SODIS can reduce bacterial loads in water at 
very low cost (Fisher, Iriarte, and Nelson 2012; Boyle et al. 2008), but it requires substantial 
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behavior changes, the handling of many bottles the provide only limited amounts of water for 
daily use and a lot of time waiting for the water to be ready to drink (Tamas and Mosler 2011; 
Mäusezahl et al. 2009). Yes, boiling can be effective and has achieved the greatest acceptance 
(Brown and Sobsey 2012; Rosa and Clasen 2010), but the volumes of water produced for daily 
use are limited, soot from fires can be harmful to health and the energy costs can be expensive 
(Clasen, McLaughlin, et al. 2008; Clasen, Do, et al. 2008; Saldiva and Miraglia 2004). Yes, POU 
membranes can remove both viruses and bacteria (Peter-Varbanets et al. 2009), but they are 
expensive and hard to use (Boisson, Sophie Schmidt, Wolf Peter, Berhanu, Tsegahiwot, 
Gezahegn, Henock, Clasen 2009), supply chains may be limited and effective performance may 
be unreliable (Murray et al. 2014). Yes, biosand filters can be inexpensive and do not require 
much behavior change (Fabiszewski de Aceituno et al. 2012; Aiken et al. 2011), but they exhibit 
poor virus removal, can be hard to transport, and can have high variability in microbial removal 
performance (Sobsey et al. 2008; Young-Rojanschi and Madramootoo 2014). 
There is strong evidence that all currently available POU technologies have limitations 
that make them hard to use, produce, distribute and implement, thereby limiting coverage and 
sustained use. Therefore, there is need for further research on potential POU solutions that 
provide high performance at low cost.   
 
1.2 Framing the problem 
According to the 2014 report by the World Health Organization(WHO)/UNICEF Joint 
Monitoring Program, about 748 million people worldwide lack access to improved drinking 
water sources, putting them at risk for waterborne illnesses, such as diarrheal disease 
(WHO/UNICEF JMP 2014). Diarrheal disease is often caused by exposure to microbial 
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pathogens. A multi-country study (Kotloff et al. 2013) found that a majority of diarrheal disease 
could be attributed to four pathogens, namely rotavirus, E. coli, Shigella, and, Cryptosporidium. 
These pathogens can be grouped into three categories based on microbial characteristics: viruses 
(rotavirus), bacteria (enterotoxic Escherichia coli (E. coli) and Shigella) and protozoa 
(Cryptosporidium).  Removing different classes of pathogens poses different challenges to a 
POU water treatment device. Viruses are generally small and can pass through some size 
exclusion treatment solutions such as ceramic pot filters and biosand filters (Lantagne 2001; 
Young-Rojanschi and Madramootoo 2014). UV radiation is less efficacious in disinfection 
capability with viruses, resulting in low virus reductions using SODIS (Fisher, Iriarte, and 
Nelson 2012). Protozoa are larger and therefore are likely removed by filtration (Bielefeldt et al. 
2010); however, they are generally more resistant to chemical disinfection by chlorine (Korich et 
al. 1990). Bacteria are for the most part able to be removed to some extent by all of POU 
treatment types (Sobsey et al. 2008), but can foul filtration membranes (Ines et al. 2013) and can 
easily recontaminate water after it is treated.  
Other factors need to be considered besides the class of pathogen when devising technical 
solutions to prevent diarrheal disease from drinking water. Because microbial pathogens often 
disproportionately impact children under 5 (WHO, 2004) the need to provide consistently safe 
water to children must to be considered in the design and use of any water treatment device. 
Furthermore, the level of microbial contamination is highly variable and depends on water 
source (Shaheed et al. 2014), season (Levy et al. 2009), geography, land use and a host of other 
variables (Widmer et al. 2013; Pachepsky et al. 2014).   
The WHO and EPA have performance guidelines for microbial reductions by POU water 
treatment devices. The WHO has set 3 categories of targets for microbial reductions (Table 1) 
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that are based on health based targets (World Health Organization 2011a). For a household water 
treatment device to be considered highly protective it must remove or inactivate greater than 4 
Log10 bacteria and protozoa and remove or inactivate greater than 5 Log10 viruses.  The EPA 
guidelines for testing microbiological water purifiers are slightly different with microbial 
reduction requirements of greater than 6 Log10 for bacteria greater than 4 Log10 viruses and 
greater than 3 Log10 for protozoa (US Environmental Protection Agency (US EPA) 1987). 
Table 1. WHO targets for microbial reductions of household water treatment options. 
Target 
Log10 
reduction 
required: 
Bacteria 
Log10 
reduction 
required: 
Viruses 
Log10 
reduction 
required: 
Protozoa 
Highly Protective 
≥ 4 ≥ 5 ≥ 4 
Protective 
≥ 2 ≥ 3 ≥ 2 
Minimum 
Protection 
Achieves “protective” target for two classes of 
pathogens and results in health gains 
 
In addition to microbial contaminants, drinking water can have chemical contaminants 
which can occur naturally in the environment or can come from various sources of pollution. 
These contaminants include lead, copper, arsenic, nitrate, fluoride and many others. Of the many 
chemical contaminants copper and lead are of particular interest. Both the United States 
Environmental Protection Agency (EPA) and the WHO have set maximum concentrations 
(MCL) for copper (1.3 mg/L EPA, 2.0 mg/L WHO) and lead (15 µg/L EPA, 10 µg/L WHO) (US 
Evironmental Protection Agency 2012; World Health Organisation 2011). Ingesting too much 
lead and copper can have deleterious health effects. These health effects are most profound in 
children where, for example, exposure to excess levels of lead has been associated with 
neurotoxicity and related developmental decrements in mental health that are irreversible and 
manifest as permanent learning deficits and behavioral disabilities(US Department of Health and 
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Human Services 2007). High doses of copper can result in gastrointestinal symptoms such as, 
nausea, abdominal pain, vomiting and diarrhea ((ATSDR), Agency for Toxic Substances and 
Disease Registry 2004). According to the WHO, plumbing and distribution systems are the most 
common sources for both lead and copper contamination (World Health Organization 2011b; 
World Health Organization 2011c), although other anthropogenic sources have been shown to 
cause significant contamination.  
In low resources settings copper and lead from anthropogenic contamination may be a 
larger issue when governments have less of an ability to regulate against chemical 
contamination. For example, in a study in Karachi Pakistan 90% of groundwaters and 86% of 
surface waters were contaminated with lead concentrations over the WHO guidelines (Ul-Haq et 
al. 2011). There is also growing evidence that copper and lead are common contaminants found 
in groundwaters near landfills, mining operations, and electronics recycling sites in the 
developing world, with studies in Ghana, India, China, Thailand, and other countries having 
found contamination near the studied sites (Anim-gyampo, Zango, and Ampadu 2014; Gong, 
Chen, and Luo 2014; Sepúlveda et al. 2010; Wongsasuluk et al. 2014; Nabi Bidhendi et al. 2007; 
J.-P. Wang and Guo 2006; Pandey et al. 2007). These studies frequently find lead concentrations 
in ground and surface waters near electronics recycling and other contamination sites at over ten 
times the WHO limit. Copper contamination has been found from old corroding pipes or in water 
near mines (Pandey et al. 2007). Current methods to remove copper and lead from water are 
different than POU treatment technologies for microbes. They include chemical coagulation and 
flocculation, chemical precipitation, flotation, adsorption, ion exchange, complexation via 
polymers and hydrogels, membrane filtration, electrochemical treatment, and reduction using 
zero-valent iron (Fu and Wang 2011; Dabrowski et al. 2004; Bessbousse, Verchère, and Lebrun 
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2012; Nikovskaya, Godinchuk, and Samchenko 2012; Rangsivek and Jekel 2005). Many of these 
solutions are achievable in the developed world; however, they are too expensive or require 
materials not available in low income settings. 
 
 
1.3 Establishing a potential treatment technology for investigation 
Brass granular media has the potential be a low cost solution that could inactivate 
microbial contaminants and remove chemical contaminants in water at the point-of-use in low 
resource settings. Brass is an alloy of zinc and copper and is sold as a granular medium that 
could be ideal for point-of-use water treatment. Brass media costs about $8 per pound 
(Amazon.com 2014) which could result in the development of inexpensive POU devices. Brass 
has the potential to both remove microbial and metal contaminants from drinking water.  
Brass removal of chemical contaminants from water is possible through reduction and 
oxidation (redox) reactions. The half reactions for copper lead and zinc can be written as (MHW 
2005; Hayes 1993)  
Zn(𝑎𝑞)
2+ + 2𝑒− →  Zn(𝑠)
0      Ev = - 0.760 V,  (1) 
Cu(𝑎𝑞)
2+ + 2𝑒− →  Cu(𝑠)
0      Ev =  0.339 V,  (2) 
and 
Pb(𝑎𝑞)
2+ + 2𝑒− →  Pb(𝑠)
0      Ev = - 0.126 V,  (3) 
where Ev is the redox potential of the half reaction. The half reactions can then be added together 
to give the full redox reactions for copper and lead as  
Cu(𝑎𝑞)
2+ + Zn(𝑠)
0 →  Cu(𝑠)
0 +  Zn(𝑎𝑞)
2+    Ev = 1.099, (4) 
and 
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Pb(𝑎𝑞)
2+ + Zn(𝑠)
0 →  Pb(𝑠)
0 +  Zn(𝑎𝑞)
2+    Ev = 0.634, (5) 
respectively. 
It should be noted that in both of these reactions copper and lead are going from a soluble 
state Cu(𝑎𝑞)
2+  and Pb(𝑎𝑞)
2+  to an insoluble state Cu(𝑠)
0  and Pb(𝑠)
0 . In both cases the Cu(𝑎𝑞)
2+  and Pb(𝑎𝑞)
2+  
contaminants are being replaced in a 1:1 ratio with Zn(𝑎𝑞)
2+  which is a less toxic chemical. In both 
reactions the redox potential is positive which means that they are thermodynamically favorable 
(MHW 2005).  
Some zinc is required in a healthy diet and zinc is only classified as a secondary 
contaminant by the EPA having a much higher acceptable limit of 5 mg/L1 compared to those of 
copper (1.3 mg/L) and lead (0.015 mg/L) (US Environmental Protection Agency (US EPA) 
1991). Furthermore, zinc has therapeutic activity against diarrheal disease and is promoted for 
this purpose in the developing world (Bajait and Thawani 2011).  
The use of redox chemistry to remove undesirable metals from solution is a commonly 
known process. The recovery of heavy metals from waste streams by passing the stream over a 
metal with lower reduction standard potential is called cementation (Ibanez, JG, Lopex-Mejia, E, 
Echevarria-Eugui 2008). Processes that use metals, such as zero-valent zinc, to remove 
contaminants from water or recover high value metals from waste streams via cementation have 
existed for decades (Nosier, SA, Sallam 2000; Mubarak, El-Shazly, and Konsowa 2004; Zarraa 
1992; Zaghib, Chainet, and Nguyen 1997). Brass being an alloy of copper and zinc has the 
potential to remove metal contaminants by redox reactions as pure zinc does. Unpublished 
studies have explored the removal kinetics of copper and lead with brass granular media. These 
                                                          
1 Even though the EPA limit is 5.0 mg/L it should be noted that zinc can give water an undesirable taste and 
appearance. The WHO notes that 4.0 mg/L zinc can impart an undesirable astringent taste for 5% of the population. 
Also, at 3-5 mg/L zinc can visually make water appear opalescent and develop a film when boiled(World Health 
Organization 1996b). 
8 
 
studies examined the kinetics of copper and lead removal by brass in a batch treatment 
configuration for short contact times (~1-4 hours) and in a column configuration (C. Wang et al. 
2014; Catenacci 2014). 
In addition to brass having the potential to remove toxic metals from solutions, brass also 
has antimicrobial properties. Certain metals have been known to have antimicrobial properties 
and have been studied for disinfection purposes since the early 1900’s (Phelps 1905; Kraemer 
1905). Recent studies have looked at the antimicrobial properties of copper and copper alloys. 
For example, studies have evaluated the use of copper and brass storage containers as a way to 
reduce microbial contamination in stored waters and achieved successful results (Sudha et al. 
2012; Shrestha et al. 2009). In the study by Shrestha et al. (2009), brass, copper, and silver 
containers were shown to be able to achieve more than four logs reduction of Salmonella 
paratyphi, Shigella spp., multidrug resistant E. coli, E. coli, Vibrio cholerae and Klebsiella spp. 
within 48 hours. The antimicrobial properties of copper have been studied in many settings 
(Borkow and Gabbay 2005). For example, in hospital settings copper and copper-alloy surfaces 
have been demonstrated to have antimicrobial properties and the mechanism of microbial 
inactivation has been investigated (Quaranta et al. 2011; Salgado et al. 2013). Copper, zinc and 
silver in various forms have been examined for their microbial inactivation properties (Thurman, 
Gerba, and Bitton 1989; Loo et al. 2013; Y. Liu et al. 2009; Borkow and Gabbay 2005). Witsil 
(2014) studied microbial inactivation in stored waters supplemented with porous mesh pouches 
containing metal particles (copper, zinc and silver). They found the pouches could reduce E. coli 
and MS2 concentrations in test water by 2 to 3 log10 over 48 hours. 
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As a POU water treatment solution, brass granular media2 is commercialized by the trade 
name KDF-55 and KDF-85 (KDF Fluid Treatment Inc 2014), with four different types of brass 
being sold: two copper to zinc ratios (55:45 and 85:15) and two size variations (a finer particle 
size and a coarser particle size). The manufacturers claim (KDF Fluid Treatment Inc 2014) that 
“KDF water filter media supplement or replace existing technologies to dramatically extend 
system life, reduce heavy metals, microorganisms, scale, lower total cost, and decrease 
maintenance.”  In their patent, they also claim that KDF brass removes nitrogen compounds, 
aluminum, arsenic, barium, cadmium, chromium, copper, gold, iron, lead, mercury, selenium and 
silver (Heskett 1987). KDF media can be found in a few commercial products including 
showerhead filters (Pure Earth Technologies Inc 2014) and carbon adsorption devices (Pentair 
Inc. 2015). However, to date there is no published, peer-reviewed scientific literature verifying 
KDF Fluid Treatment Inc’s claims or characterizing the kinetics and mechanisms of brass in its 
ability to remove chemical and microbial contaminants from water.   
Brass granular media could be a promising material for both microbial inactivation and 
metal removal from drinking water at the POU. However, research is needed to characterize the 
performance of brass for microbial inactivation and metal removal especially on a longer time 
scale. Characterization of brass’s ability to inactivate microbes and remove metals in controlled 
laboratory experiments could help determine if it is an appropriate technology for POU water 
treatment in low resource settings. 
 
 
                                                          
2 As a note: Lead is often added to brass to improve machining processes (Triantafyllidou and Edwards 
2007).  In this study, only lead-free brass will be tested. However, brass could be produced in low-income countries 
without lead. 
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1.4 Study Objectives 
To address the knowledge gaps and need in the literature identified above, the objectives 
of this study were to: (i) characterize the microbial inactivation and copper and lead removal by 
brass granular media in batch and column configurations; (ii) determine the influence of the 
metal ions released from the brass on the disinfection kinetics; (iii) characterize the impact of 
brass dose, pH, and mixing conditions on the microbial inactivation and copper and lead removal 
kinetics.  To achieve these objectives, experiments were performed examining the kinetics of 
microbial inactivation and metal removal in a batch configuration both simultaneously and 
separately over the course of 24 hours. Experiments were performed evaluating the amount of 
microbial inactivation attributed to copper and zinc ions. Finally, experiments were performed 
with brass in a flow through column configuration on to determine if the batch results translated 
to effective performance in such a configuration for POU treatment. 
 
2.0 Methods 
 2.1 Chemicals, Reagents, and Stock Solutions 
 Reagent grade or better copper chloride (CuCl2), lead chloride (PbCl2), zinc chloride 
(ZnCl2), sodium bicarbonate (NaHCO3), hydrochloric acid (HCl), and sodium hydroxide 
(NaOH) were purchased from Fischer Scientific (Pittsburg, PA). Metal stock solutions (1000 
mg/L CuCl2, 1000 mg/L ZnCl2, 100 mg/L PbCl2) were made in 0.01 M HCl solution and stored 
at 4°C for no more than 1 month. Carbonate buffered stock solutions consisted of ultrapure 
water, 2 mM NaHCO3, and 0.1 M HCl and/or 0.1 M NaOH to achieve a pH=6.5 for batch tests 
and 7.0 for column tests. All stock and test solutions were prepared using ultrapure water ( 18 
Mcm).  
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2.2 Brass Media  
The source of brass for the experiments was KDF-55 (KDF Fluid Treatment, Inc Three 
Rivers, MI) (see Figure 1), a brass granular medium consisting of only copper and zinc. The 
KDF-55 granules had an advertised size range between 0.149 mm to 2.00 mm and were of 
varying shapes. Previous work (C. Wang et al. 2014) has determined the specific surface area of 
the brass media to be 0.0149 m2/g, the bulk copper to zinc ratio to be 1:1 (“KDF-55 MSDS” 
1988), and the surface copper to zinc ratio to be 2.5:1. To ensure consistency in the condition of 
the surface of the brass for all experiments, the brass was washed in 100 g batches using dionized 
water and stirring with a glass rod for 5 minutes. The brass medium was then recovered by 
vacuum filtration (0.7 µm) and dried for 48 hours in a desiccator. The brass was then stored in a 
sealed container inside a desiccator until needed. 
 
Figure 1. Picture of brass granular media 
 
12 
 
2.3 Microbes 
The microbes tested were non-pathogenic Escherichia coli (E. coli) KO11 (ATCC 
55124) and MS2 bacteriophage (ATCC 15597-B1). These microbes were chosen as surrogates of 
representative bacteria and virus pathogens. The E. coli KO11 bacterium was chosen for its 
similarities to bacterial pathogens and its established use as a test organism in the evaluations of 
point-of-use technologies (World Health Organization 2011a; Grabow 2001). MS2 
bacteriophage was chosen as a representative virus because of its similarity in morphology to 
pathogenic viruses and its use as a test organism in performance evaluation of point-of-use 
treatment technologies (World Health Organization 2011a; Young-Rojanschi and Madramootoo 
2014). Aseptic technique was used for all microbial work.   
The E. coli KO11 stock suspension used to spike into the experimental vessels was 
grown from a frozen E. coli KO11 stock for 20 hours at 37 °C in tryptic soy broth to reach the 
stationary phase. The E. coli KO11 stock was then diluted serially 10-fold and enumerated for 
colony count by the spread plate method 9215 C (Eaton, A. D., Clesceri, L. S., Greenberg, A. E., 
Franson, M. A. H., American Public Health Association., American Water Works Association. 
2005).  
The high-titer MS2 bacteriophage stock used to spike into the experimental vessels was 
propagated from a frozen stock. From the frozen stock a scrapping was added to 50 ml of log 
phase E. coli Famp grown in typtic soy broth with 15 µg/ml streptomycin-ampicillin to suppress 
growth of other bacteria. The MS2 and E. coli host mixture was then incubated overnight at 
37°C. The MS2 was recovered using chloroform extraction to lyse the cells and collect the virus 
through centrifugation at 3000 times gravity for 30 minutes and 4 oC. The recovered virus was 
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suspended in 1.0 ml volumes and frozen at -80°C until use. Frozen stocks of the virus are stable 
and can be used over periods of many years. 
 
2.4 Test set-up for batch experiments 
Batch tests for evaluation of microbial inactivation and metal removal kinetics by brass 
media were performed in 500 mL amber glass bottles (see Figure 2). The glass bottles were 
washed overnight with a solution of 10% concentrated HCl, then rinsed with ultrapure water and 
dried at 70 °C in an oven for 2 hours. The bottles were then filled with autoclaved carbonate 
buffered stock solution until needed. Filling the bottles with carbonate buffered stock solution 
was found to result in more consistent lead levels after spiking.  
Test water was prepared in bulk immediately before the experiment by adding the stock 
metal solutions as needed to the carbonate buffered stock solution to achieve the desired 
dissolved metal concentrations and then adjusting the pH to the target experimental value 
(pH=6.5 or 8.5) using 0.1 M HCl and/or 0.1 M NaOH. The vessels were emptied and filled with 
the test solution. Next, vessels were placed on a stirplate with a 2.5 inch Teflon stirbar spinning 
at 250 rpm. E. coli KO11 and MS2 were added to the vessels to achieve 105.5 CFU/mL E. coli 
KO11 and 105.5 PFU/mL of MS2. After two minutes of stirring, a sample was taken for t = 0 to 
be analyzed for E. coli, MS2, lead, copper and zinc. The KDF-55 granular brass media was then 
added to the vessels.  Every 12 hours a 10 mL sample was taken to measure pH. Samples for 
microbial and metals analysis were taken at predetermined time points. Samples for microbial 
analyses consisted of 3 mL samples which were put into 9 mL polypropylene vials and dosed 
with 4 M ethylenediaminetetraacetic acid (EDTA) (Fischer Scientific, Pittsburg, PA) in a ratio of 
0.1 mL of EDTA solution for every 10 mL of sample to chelate any metal ions in solution. The 
14 
 
sample was plated for microbial enumeration within 24hours.  Samples for metal analyses 
consisted of 3 mL samples which were filtered through a 0.22 µm PES syringe filter and stored 
at 4 °C in 9 mL polypropylene vials until metals analysis was conducted.  The contents in the 
vessels used for the batch experiments are summarized in Table 2.  
Some vessels were tested to quantify the amount of microbial inactivation provided by 
the copper and zinc ions released from the brass. For this test, copper and zinc ions were spiked 
into vessels prepared the same way as mentioned above with 105.5 CFU/mL E. coli KO11 and 
105.5 PFU/mL MS2. Every two hours, copper and zinc ions were added in quantities 
corresponding to the release of the copper and zinc from brass media. Samples were taken at 
predetermined time points to monitor the microbe concentrations in the same way as described 
above. 
 
Figure 2. Picture of batch test set-up 
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Table 2. List of experimental batch vessels. 
Vessel  
(2mM NaHCO3 ultrapure water) 
Microbial control pH 6.5 
Microbial control pH 8.5 
2 g/L brass + 105.5CFU/mL E. coli KO11 + 105.5PFU/mL MS2 
2 g/L brass + 105.5 E. coli KO11 + 105.5 MS2 + 180 µg/L Pb2+ pH 6.5 
2 g/L brass + 105.5 E. coli KO11 + 105.5 MS2 + 1,800 µg/L Cu2+ + 180 µg/L Pb2+ pH 6.5 
2 g/L brass + 1,800 Cu2+ µg/L + 180 µg/L Pb2+ pH 6.5 
Stepwise addition average Zn2+ + 105.5 E. coli KO11 + 105.5 MS2 
Stepwise addition average Cu2+ + 105.5 E. coli KO11 + 105.5 MS2 
Stepwise addition average Cu2+ and Zn2+ + 105.5 E. coli KO11 + 105.5 MS2 
Stepwise addition greatest released Cu2+ and Zn2+ + 105.5 E. coli KO11 + 105.5 MS2 
2 g/L brass + 105.5 E. coli KO11 + 105.5 MS2 pH 8.5 
20 g/L brass + 105.5 E. coli KO11 + 105.5 MS2 + 180 µg/L Pb2+ pH 6.5 
2 g/L brass + 105.5 E. coli KO11 + 105.5 MS2 + 180 µg/L Pb2+ no mixing pH 6.5 
20 g/L brass + 105.5 E. coli KO11 + 105.5 MS2 + 180 µg/L Pb2+ no mixing pH 6.5 
 
2.5 Test set-up for column experiments 
The brass granular medium was also tested in a flow-through column configuration. The 
brass medium (8 mL) was poured into a glass column with an inside diameter of 1 cm and a 
polypropylene screen at the bottom to hold the brass. The column was gently tapped against the 
countertop to ensure the brass settled to the bottom of the column. The depth of the brass 
medium in the column was about 10 cm. Tests were run at 22°C in a room with low lighting. 
Test water solutions of 2mM NaHCO3, pH 7, were prepared in 7 liter batches. One liter of test 
water was pumped through the column to rinse the brass and flush the system of any loose brass 
particles from the column. To test the performance of the column two flow rates were used: 4 
mL/min and 48 mL/min. These flow rates correspond to a 120 seconds and 10 seconds empty 
bed contact time (EBCT)3 and were chosen to represent fast flow (similar to flow rates seen at a 
                                                          
3 Empty bed contact time is a commonly used approach to measure contact time in water treatment. It is defined as 
the amount of time it takes an amount of fluid equivalent to the volume of the media to travel through the bed. Since 
the void volume of the column is about 60% the contact times of water with the brass in the bed can be 
approximated as 6 seconds and 72 seconds.  
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pressurized tap) and slow flow (similar to what could occur in a gravity fed pour-through 
configuration).   
After the column was flushed, the microbe and/or metal contaminants were added to the 
remaining 6 liters of test water to start the challenge of the column.  A list of the challenge 
waters tested can be found in Table 3. Two samples (5 mL), one for microbial and one for metal 
analysis, were collected in 9 mL polypropylene vials before and after passing through the 
column at 10, 250, 500 and 750 bed volumes of water. The total amount of water passed through 
the column, 750 bed volumes (6 liters in this experimental setup), was equivalent to the amount 
of water that would flow through the column in a continuous operation of 24 hours at an EBCT 
of 120 seconds.  Samples for microbial analysis were dosed with 4 M EDTA in a ratio of 0.1 mL 
of EDTA solution for every 10 mL of sample to chelate any metal ions in solution. Samples 
taken for metals analysis were filtered through a 0.22 µm PES syringe filter and stored at 4 °C in 
9 mL polypropylene vials until metals analysis was conducted. 
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Figure 3. Diagram and picture of column test set-up 
Table 3. Challenge waters for flow through column configuration 
Challenge Water (2mM HCO3; pH7) 10 EBCT 120 EBCT 
105.5 E. Coli KO11 + 105.5 MS2 X X 
105.5 E. Coli KO11 + 105.5 MS2 + 180 µg/L Pb2+ X X 
180 µg/L Pb2+ X  
 
2.6 E. coli enumeration 
 The concentrations of culturable E. coli KO11 in the samples was determined using the 
spread plate method (Eaton, A. D., Clesceri, L. S., Greenberg, A. E., Franson, M. A. H., 
American Public Health Association., American Water Works Association. 2005). Tryptic soy 
agar (Becton, Dickinson and Company, Sparks, MD) was prepared in 100 mm plates and stored 
overnight at 4°C. Serial 10-fold dilutions of the samples were made and then 0.1 mL of each 
dilution was pipetted onto the agar medium and spread using a sterilized glass rod. For each 
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dilution 3 plates were made. The petri dishes were then allowed to dry for 5 minutes, inverted 
and incubated at 37 °C for 16-24 hours. Bacterial colonies on each of the three plates of any 
given dilution plated were counted and averaged to get the colony forming units (CFU) per 0.1 
mL for the given dilution. The CFUs of each countable dilution were then combined and 
normalized for volume to give the CFU per 1 mL of sample.  
 
2.7 MS2 bacteriophage enumeration 
MS2 bacteriophage was quantified by using a modified version of EPA method 1602. Trypic soy 
agar (Becton, Dickinson and Company, Sparks, MD) was autoclaved and then allowed to cool to 
45-48 °C. Concentrated stock solutions of  MgCl2 (4 M), and streptomycin/ampicillin (1.5 g/L) 
were added to the molten agar to give final concentrations of 50 mM MgCl2 and 15 mg/L 
streptomycin and ampicilllin. E. coli Famp from an overnight stationary phase culture grown in 
tryptoc soy broth (the host bacterium for MS2) was inoculated into fresh tryptic soy broth and 
incubated for 3.5-5 hours on a shaker plate to reach log phase growth. Volumes of 1 mL of log 
phase E. coli were added to 30 mL volumes of the molten tryptic soy agar which was then 
mixed. Samples were serially diluted and 0.1 mL of each dilution was pipetted to the center of a 
100 mm petri dish. Next, molten agar (8-10 mL) containing E. coli Famp was added to the petri 
dish and the petri dish was swirled so that the agar mixed with the sample and covered the entire 
plate.  Triplicate plates were prepared for each dilution plated. The agar medium was allowed to 
harden, then inverted and placed in a 37 °C incubator for 16-24 hours. The number of 1 mm to 
10 mm clear zones in the lawn of bacteria in each of the three plates of any given dilution plated 
were counted and averaged to determine the plaque forming units (PFU) per 0.1 mL for the 
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given dilution plated. The PFUs of each dilution were summed then normalized based on sample 
volume to give the PFU per 1 mL of sample. 
 
2.8 Microbial control and metal control 
For each experiment a microbial control was run alongside the experimental vessels (see 
Appendix 2). The microbial control was a vessel with 2 mM NaHCO3 at the experimental pH 
with 105.5 E. coli K011 and 105.5 MS2 and no brass or metals. Samples were taken for E. coli 
KO11 and MS2 enumeration at the same time as samples from the experimental vessels. For all 
experiments, the microbial counts in the control were within ± 1 log reduction of the initial 
concentrations. Microbial reductions in the control vessels were subtracted from the microbial 
reductions in the experimental vessels to get a net microbial reduction due to the presence of 
metal ions and/or brass. 
To ensure that the copper and lead ions were soluble at the concentrations used in the 
experiment, a vessel was prepared with 2 mM NaHCO3 buffer at pH 6.5 with 1.8 mg/L Cu
2+ and 
0.15 mg/L Pb2+ and mixed for 24 hours with samples taken at 0 and24 hours.  For both Cu2+ and 
Pb2+ the 24 hour concentration was within 5% of the initial concentration meaning that the 
metals are soluble at the concentrations and within the timeframe used in the experiments.  
 
2.9 Metals analyses 
The filtered samples were acidified with plasma pure plus grade nitric acid (SPS Science, 
Quebec, Canada) to 2%v/v. Metals analyses was conducted using an inductively coupled plasma 
mass spectrometer (ICP-MS) (Agilent 7500cx, Agilent Technologies, Santa Clara, CA) 
following standard method 3125 (Eaton, A. D. et al., 2005). Calibration curves were made using 
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dilutions made from copper, zinc, and lead 1000 ppm standards (High-Purity Standards, 
Charleston, SC). The ICP-MS was fed by an autosampler and counts were changed into 
concentrations using the calibration curves. 
 
2.10 Experimental Design and Data Analysis 
Experiments were run 3 times to determine the variability in the microbial inactivation 
and metal removal ability of brass.   Samples in batch experiments were taken at time 0, 1, 3, 6, 
12 and 24 hours for the first run of each experiment. For the second and third run of each 
experiment samples were taken at a time 0, and the last two times that had microbes above the 
limit of detection. Calculation, organization of the data and graphing was done using Microsoft 
Excel.  
The metal removal kinetics were analyzed by fitting the data to a first-order reaction 
kinetics model as given by 
 dX/dt = - k1 * C * X     (6) 
Where X is the concentration of metals or microbes (ppb) 
 k1 is the rate constant (gbrass * L
-1 * hours-1) 
 C is the concentration of brass surface available for reaction/disinfection (gbrass* L
-1) 
Integrated the equation becomes 
Ln (X/Xo) = - k1 * C * T ,   (7) 
Where X is the concentration of metals at time t (ppb),  
Xo is the initial concentration of metals (ppb), 
k1 is the rate constant (hours
-1),  
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C * T is the integral of concentration of brass available over time for reaction/disinfection 
(gbrass * L
-1) 
We assume the surface of the brass available for reaction does not significantly decrease 
during the experiment so C is constant and the equation becomes 
  Ln (X/Xo) = - k1 * C * t ,   (8) 
where X is the dissolved metal concentration at time t (ppb),  
 Xo is the initial dissolved metal concentration (ppb),  
 k1 is the reaction rate constant (gbrass* L
-1 * hours-1) 
C is the concentration of brass surface available for reaction/disinfection (gbrass/L) and  
t is the time from start of experiment (hours). 
 
The microbial inactivation kinetics were analyzed looking at the rate log10 reduction of 
the microbes over time. This was done by fitting a line to the data in the form of 
Log (N/No) = - k2 * t       (9) 
Where N is the concentration of viable microbes in solution at time t (CFU/mL, PFU/mL) 
 No is the initial concentration of viable microbes in solution (CFU/mL, PFU/mL) 
 k2 is the inactivation rate constant (hour
-1) and 
  t is the time from the start of experiment (hours) 
Statistical analysis was done using SAS JMP 10.0.1 (SAS Institute Inc, Cary, NC). 
Standard least squares regression was used with a y-intercept equal to zero to obtain rate 
constants for both microbial inactivation and metal reduction. Regression was performed on the 
data from 3 replicate runs. For the microbial inactivation, time points were only used for data 
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analysis if all three runs obtained microbial results that were above the limit of detection of the 
assay method.  
 
3. Results and Discussion 
 3.1 Reductions of microbes and dissolved metals by brass media 
Figure 4 presents the results corresponding to the inactivation of E. coli KO11 and MS2 
by brass granular media both in the presence of metal contaminants and in the absence of metal 
contaminants.  The corresponding rate constants, k, are presented in Table 4.  First, the brass 
granular media at a concentration of 2 g/L in water at pH 6.5 was tested for microbial 
inactivation in the absence of metal ions. With an initial concentration of 105.5 CFU/ml E. coli 
and 105.5 CFU/ml MS2 the brass removed the E. coli with a rate constant (k2) of 0.31 ± 0.02 hr
-1 
and the MS2 at with a rate constant (k2) of 0.69 ± 0.05 hr
-1.   
 
 
Figure 4. E. coli (A) and MS2 (B) inactivation with brass at 2 g/L mixed in 2 mM NaHCO3 
buffered water at pH 6.5.  Reductions for: Brass (), Brass + 180 µg/L Pb2+ (), and Brass + 
180 µg/L Pb2+ + 1,800 µg/L Cu2+(). The reductions shown correspond to the measured 
reductions subtracted from reductions in the microbial control without brass. (– –) is the limit of 
detection. Symbols correspond to the average results of a minimum of 3 runs, and error bars 
correspond to respective standard deviations.  
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Table 4. Reaction rate constants for microbial inactivation and metal removal for brass, and rate 
at which copper and zinc are released from brass into the solution. 
Vessel E. coli KO11 
reduction rate 
MS2 
reduction 
rate 
Copper 
removal 
rate 
Lead 
removal 
rate 
Zinc release 
rate 
Copper 
release rate 
pH 6.5 k2 (hr
-1) k2 (hr
-1) k1 
(gbrass/L/hr) 
k1 
(gbrass/L/hr) 
(ppb/hr/gbrass/L) (ppb/hr/gbrass/L) 
Brass + 
Microbes 
0.31 ± 0.02 0.69 ± 
0.05 
N/A N/A 135 ± 8 8 ± 1 
Brass N/A N/A N/A N/A 154 ± 7 4 ± 1 
Brass + 
Microbes 
+ Lead 
0.20 ± 0.01 0.64 ± 
0.07 
N/A 0.022 ± 
0.003 
179 ± 21 10 ± 2 
Brass + 
Microbes 
+ Cu/Pb 
1.5 ± 0.2 1.3 ± 0.2 0.03 ± 0.01 0.014 ± 
0.002 
122 ±7 N/A 
Brass + 
Cu/Pb 
N/A N/A 0.09 ± 0.01 0.073 ± 
0.007 
125 ± 24 N/A 
 
Additionally, microbial inactivation was monitored in the presence of 180 µg/L lead, and 
in the presence of 1,800 µg/L copper and 180 µg/L lead. The results show that both E. coli KO11 
and MS2 were inactivated by the brass media. In the instance where both copper and lead ions 
were in solution above the EPA limit, microbial inactivation was significantly faster than with 
just the brass alone. This result suggests that when there is copper and lead contamination, 
infectious microbes will not likely be found in the water. However, this would not be the case 
with just lead contamination as the rate of E. coli KO11 inactivation was lower for the vessel 
with 180 µg/L lead than for the vessel with no metal ions added (i.e., k2 = 0.20 hr
-1 with lead ions 
in vessel versus k2 = 0.31 hr
-1 without lead ions). 
Besides the observed microbial inactivations, the brass medium was also able to remove 
copper and lead ions from solution. These results are shown in Figure 5 and the rate constants 
associated with the lead and copper removal can be found in Table 4.  
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Figure 5: Copper (A), Lead (B) and Zinc (C) concentrations with brass at 2 g/L mixed in 2 mM 
NaHCO3 buffered DI water at pH 6.5.  Reductions for Brass + microbes (), Brass + 180 µg/L 
Pb2+ + 1,800 µg/L Cu2+ (◊) and Brass + 180 µg/L Pb2+ + 1,800 µg/L Cu2+ + Microbes (). 
Shown are average results of a minimum of 3 runs with standard deviations (error bars). (▪▪▪) 
MCL for the US EPA 1300 µg/L copper, 15 µg/L lead, 5000 µg/L zinc. 
Figure 5 also shows that, in the vessels dosed with copper, the copper concentrations 
were reduced from 1.3 times the EPA MCL to below the MCL within an hour and to 7% of the 
MCL with 24 hours. For example, for one run of the vessel with brass, Cu2+, and Pb2+, the initial 
concentration of copper started at 1,722 µg/L and was reduced to 97 µg/L at 24 hours. As seen in 
Table 4 the rate constant (k) for the removal of copper was slower with the microbes present than 
without microbes (0.03 g/L/hr with microbes versus 0.09 g/L/hr without microbes). This result 
suggests that interactions between the microbes and the brass or microbes and the copper ions in 
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solution are reducing the rate of copper removal. The brass reduced the lead concentration from 
10 times the MCL to below the MCL within 24 hours when microbes were not present. When the 
microbes were present the lead was reduced to 2.7 times the MCL.  The lead reduction rates 
were also lower with microbes present than when microbes were not present (0.014 g/L/hr with 
microbes versus 0.07 g/L/hr without microbes). 
 The redox reaction that removes copper and lead from solution also releases zinc and 
copper into solution. Therefore the amount to zinc and copper released from the brass into the 
water was monitored.  Release rates can be found in Figure 5 and Table 4. In all vessels not 
dosed with copper, the copper released from the brass was well below the EPA limit. The zinc 
released from the brass, however, exceeded the EPA limit after 12 to 24 hours on average with 
final concentrations at 0.7-1.8 times the MCL. Zinc concentrations after 24 hours were highly 
variable suggesting unknown factors influenced the final zinc concentration. However, zinc 
concentrations after 24 hours did not correlate directly with any of the removal rates for 
microbes or metal ions. Zinc ions were released from the granular brass media at an average rate 
of 140 ppb/hr/g/L.   
 
3.2 Contributions of brass media and metal ions to microbe inactivation 
Studies in the peer-reviewed literature have shown that copper ions in solution can 
inactivate bacteria and viruses (Borkow and Gabbay 2005). In order to distinguish if the 
microbial inactivation in this study was occurring from metal ions being released from the brass 
or from contact of the microbes with the brass, experiments were designed to examine the 
contribution of released metal ions on the inactivation of the microbes. Copper chloride and zinc 
chloride, both separately and combined, were added to vessels without brass in a stepwise 
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manner every two hours to mimic the rate of release of copper and zinc ions from the brass (the 
concentrations of metals added can be found in Figure 6). Copper and zinc ions were added 
mimicking both the average and greatest release of copper and zinc from the brass described in 
Section 3.1. Inactivation rates of E. coli KO11 and MS2 from the vessels with just the microbes 
and the copper and zinc ions dosed in stepwise manner can be found in Figure 7 and Table 5.  
 
Figure 6. Zinc (A) and copper (B) added to mimic the respective average amounts of ions 
released by the brass during the experiments described in section 3.1 (–).  
Also, zinc (C) and copper (D) added to mimic the respective maximum amounts of ions released 
by the brass during during the experiments described in section 3.1 (–). 
(▪▪▪) MCL for the US EPA 1300 µg/L copper, 15 µg/L lead, 5000 µg/L zinc. 
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Figure 7: E. coli inactivation (A, C) and MS2 inactivation (B, D). Comparing 2 g/L brass 
particles (●), to equivalent amounts of copper and zinc ions added stepwise to imitate Zn2+ (x), 
Cu2+ (), Cu2+ + Zn2+ (), Cu2+ + Zn2+ maximum released (+). 2 mM NaHCO3, pH 6.5. Symbols 
correspond to the average results of 3 runs, and error bars correspond to respective standard 
deviations. (– –) is the limit of detection. 
 
Table 5. Reaction rate constants for microbial inactivation by metal ions 
Vessel E. coli KO11 reduction rate MS2 reduction rate 
pH 6.5 k2 (hr
-1) k2 (hr
-1) 
Brass + Microbes 0.31 ± 0.02 0.69 ± 0.05 
Zn2+ + Microbes 0.049 ± 0.008 0.03 ± 0.01 
Cu2+ + Microbes 0.106 ± 0.009 0.056 ± 0.006 
Cu2+ + Zn2+ + Microbes 0.085 ± 0.005 0.072 ± 0.007 
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 The results in Figure 7 and Table 5 show that both copper and zinc ions have the ability 
to inactivate both E. coli KO11 and MS2. The inactivation rate of the combined copper and zinc 
ions with no brass media (0.085 hr-1 for E. coli and 0.072 hr-1 for MS2) was significantly  (p < 
0.001) slower than the inactivation rate of the brass medium (0.31 hr-1 for E. coli and 0.69 hr-1 
for MS2). This finding suggests that although some of the microbe inactivation during the 
experiments with brass can be attributed to the copper and zinc released into solution by the 
brass granules, over half the total inactivation observed is occurring from the presence of the 
brass granules, potentially at the surface the brass media. Additionally, even though the 
inactivation of MS2 is faster than that of E. coli when the brass media is present, this is not the 
case when there is just copper and zinc ions in solution (in the absence of brass). This 
observation suggests that the mechanism of inactivation associated with the brass particles has 
greater effect on MS2 than it does on E. coli. 
 
 3.3 Effect of pH on reduction of microbes and dissolved metals by brass media 
 Because natural waters vary in pH and the solubility of metals decrease at high pH, it is 
reasonable to hypothesize that the pH of test waters may affect the rate of microbe inactivation 
and metal removal by brass media. Therefore, microbial inactivation and metal removal rates 
were tested at pH 8.5 and compared to the performance at pH 6.5. These two pH conditions were 
chosen for tests because the EPA secondary drinking water standards require the water pH to be 
between 6.5 and 8.5 (US Environmental Protection Agency (US EPA) 1991). Additionally, a pH 
range of 6.5 to 8.5 is what is found in most natural waters (World Health Organization 1996a). 
The results of the microbial inactivation and metal removal tests at pH 8.5 can be found in 
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Figures 8 and 9, respectively. The corresponding microbial inactivation and metal removal rate 
constants are summarized in Table 6. 
   
Figure 8. E. coli inactivation (A) and MS2 inactivation (B) with brass at 2 g/L mixed in 2 mM 
NaHCO3 buffered DI water at pH 6.5.  Reductions for Brass + Microbes pH 6.5 (●) and Brass + 
Microbes pH 8.5 (). Symbols correspond to the average results of 3 runs, and error bars 
correspond to respective standard deviations. (– –) is the limit of detection. 
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Figure 9: Copper (A), Lead (B) and Zinc (C) concentrations with brass at 2 g/L mixed in 2 mM 
NaHCO3 buffered DI water.  Reductions for Brass + microbes pH 6.5 (●), Brass + 180 µg/L 
Pb2+ + 1,800 µg/L + microbes pH 6.5 () Brass + microbes pH 8.5 (), Brass 180 µg/L Pb2+ + 
1,800 µg/L Cu2++ microbes pH 8.5().Symbols correspond to the average results of 3 runs, and 
error bars correspond to respective standard deviations. (▪▪▪) MCL for the US EPA 1300 µg/L 
copper, 15 µg/L lead, 5000 µg/L zinc. 
 
Table 6: Reaction rate constants for microbial inactivation and metal removal by brass at pH of 
6.5 and pH 8.5, and rate at which copper and zinc are released by the brass granules into 
solution. 
Vessel E. coli KO11 
reduction 
rate 
MS2 
reduction 
rate 
Copper 
removal 
rate 
Lead 
removal 
rate 
Zinc release 
rate 
Copper 
release rate 
pH 8.5 k2 (hr
-1) k2 (hr
-1) k1 
(gbrass/L/hr) 
k1 
(gbrass/L/hr) 
(ppb/hr/gbrass
/L) 
(ppb/hr/gbrass
/L) 
Brass + 
Microbes 
0.34 ± 0.03 0.40 ± 
0.04 
N/A N/A 14 ± 1 5.1 ± 0.7 
Brass + 
Microbes + 
Cu/Pb 
N/A N/A 0.006 ± 
0.001 
0.006 ± 
0.001 
40 ± 6 N/A 
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pH 6.5       
Brass + 
Microbes 
0.31 ± 0.02 0.69 ± 
0.05 
N/A N/A 135 ± 8 8 ± 1 
Brass + 
Microbes + 
Cu/Pb 
1.6 ± 0.2 1.3 ± 0.2 0.03 ± 0.01 0.014 ± 
0.002 
122 ±7 N/A 
 
 
 Figure 8 and Table 6 indicate that the E. coli inactivation at pH 8.5 and 6.5 were not 
significantly different (p = 0.25) with an inactivation rate constant in the 0.31-0.34 hr-1 range. 
MS2 inactivation was significantly slower (p < 0.001) at pH 8.5. This result suggests that 
granular brass media has microbial inactivation potential across the pH range that is found in a 
majority of natural water and in waters whose pH complies with the EPA secondary standard.   
 Figure 9 and Table 6 indicate that the removal of copper and lead from water was slower 
at pH 8.5 than at pH 6.5. At 24 hours and in the absence of microbes, copper had been reduced 
96% at pH 6.5 and only 52% at pH 8.5. At pH 8.5, the brass media released less copper and zinc 
than at pH 6.5. This is unimportant in terms of copper release, since the copper released from the 
brass media was much lower than the EPA limit across both pHs tested; however, it is important 
in terms of zinc release. At pH 8.5 the zinc stayed well below the EPA MCL for the entire 24 
hours while this was not the case at pH 6.5. 
 
 3.4 Effect of brass dose on reduction of microbes and dissolved metals by brass 
media 
 The dose of brass in a point-of-use device could change based on the device 
configuration. Therefore, the effect of brass dose was evaluated for disinfection kinetics of E. 
coli KO11 and MS2 in the presence of lead as a metal contaminant. Microbial reduction was not 
examined in the presence of copper alone as a metal contaminant, although above the EPA limit 
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copper ions greatly increased the rate of inactivation. From unpublished experiments, the impact 
of brass dose on copper and lead removal found a linear relationship for both copper and lead (C. 
Wang et al. 2014). To examine the impact of brass dose experiments were performed using a 
brass dose of 20 g/L and an initial lead concentration of 180 µg/L. The results were compared to 
corresponding experiments using a brass dose of 2 g/L with the same initial lead concentration. 
The experiments were run at pH 6.5 the results can be found in Figures 10 and 11 and in Table 7.  
  
Figure 10. E. coli (A) and MS2 (B) inactivation in 2 mM NaHCO3 buffered DI water at pH 6.5.  
Reductions for 2 g/L Brass + microbes + 180 µg/L Pb2+ () and 20 g/L Brass + microbes + 180 
µg/L Pb2+ (●).  Symbols correspond to the average results of 3 runs, and error bars correspond to 
respective standard deviations.  (– –) is the detection limit. 
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Figure 11. Copper (A), lead (B) and zinc (C) concentrations in 2 mM NaHCO3 buffered DI 
water at pH 6.5.  Reductions for 2 g/L Brass + microbes + 180 µg/L Pb2+ () and 20  g/L Brass 
+ microbes + 180 µg/L Pb2+ (●).  Symbols correspond to the average results of 3 runs, and error 
bars correspond to respective standard deviations. (▪▪▪) is the MCL for the US EPA 1300 µg/L 
copper, 15 µg/L lead, 5000 µg/L zinc. 
 
Table 7. Reaction rate constants for microbial inactivation and metal removal for brass at two 
doses (2 and 20 g/L), and rate at which copper and zinc are released by the brass granules into 
solution. 
Vessel E. coli KO11 
reduction 
rate 
MS2 
reduction 
rate 
Copper 
removal 
rate 
Lead 
removal 
rate 
Zinc release 
rate 
Copper 
release rate 
pH 6.5 k2 (hr
-1) k2 (hr
-1) k1 
(gbrass/L/hr) 
k1 
(gbrass/L/hr) 
(ppb/hr/gbrass
/L) 
(ppb/hr/gbrass
/L) 
Brass + 
Microbes + 
Lead 
0.20 ± 0.01 0.64 ± 
0.06 
N/A 0.022 ± 
0.003 
179 ± 21 10 ± 2 
10x Brass + 
Microbes + 
Lead 
0.43 ± 0.004 0.59 ± 
0.007 
N/A 0.024 ± 
0.002 
18 ± 5 0.7 ± 0.2 
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Figure 10 and Table 7 indicate that the 20 g/L brass media dose resulted in 2 times faster 
(p <0.001) inactivation of E. coli KO11 than for a 2 g/L dose of brass media. A ten-fold increase 
of brass media did not correlate to a ten-fold increase in E. coli disinfection rate.  In the case of 
simultaneous microbe and lead removal (see Figure 11 and discussion below), the E. coli 
reduction rate constant k2 was 0.20 hr
-1 for 2 g/L brass and 0.43 hr-1 for 20 g/L brass. Regarding 
MS2 inactivation, the results also indicate that the rate of MS2 inactivation with brass doses of 2 
g/L and 20 g/L were not significantly different (p = 0.5) after 6 hours of contact time.    
Figure 11 and Table 7 indicate that copper release was relatively low always resulting in 
a dissolved copper content below the EPA secondary limit with no significant difference in the 
amount of copper ions release at brass doses of 2 g/L and 20 g/L.  The results also show that lead 
removal increased with brass dose. A ten-fold increase in brass media dose resulted in 
approximately a ten-fold increase in lead removal (k = 0.022 gbrass/L/hr for 2 g/L brass k = 0.024 
gbrass/L/hr for 20 g/L brass). Regarding zinc release, Figure 11(C) shows that for a brass dose of 
20 g/L the measured dissolved zinc concentration initially increased relatively fast but then 
decreased. This could be because zinc started precipitating out of solution which is consistent 
with the cloudy appearance of the test water that was observed visually after 24 hours.  The 
overall results in Figures 10 and 11 therefore indicate that the magnitude of microbial 
inactivation does not scale quantitatively with brass dose whereas lead removal does.   
   
 3.5 Effect of mixing conditions on microbial inactivation and metal removal 
 To ensure proper contact between the contaminants in the water and the brass media, 
experiments were run by mixing the test water and its contents with a magnetic stirrer and stir 
bar. However, in a point of use water treatment setting there could be a desire to place the brass 
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media in the bottom of a container without mixing. This configuration was tested in previous 
research on the use of pouches of metal granular media for microbial inactivation in stored water 
(Witsil 2014). Therefore, experiments were conducted to compare the effect of mixing on the 
microbe inactivation and metal removal by batch treatment with brass medium. Results for such 
experiments performed with and without mixing are presented in Figure 12 and 13 and in Table 
8. 
  
Figure 12. E. coli (A) and MS2 (B) inactivation in 2 mM NaHCO3 buffered DI water at pH ?.  
Reductions for 2 g/L Brass + microbes + 180 µg/L Pb2+ with mixing (), 2 g/L Brass + microbes + 
180 µg/L Pb2+ without mixing (∆), 20  g/L Brass + microbes + 180 µg/L Pb2+ with mixing (●), 20  
g/L Brass + microbes + 180 µg/L Pb2+ without mixing (). Symbols correspond to the average 
results of 3 runs, and error bars correspond to respective standard deviations. (– –) is the 
detection limit 
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Figure 13. Copper (A), Lead (B) and Zinc (C) concentrations with brass in 2 mM NaHCO3 
buffered DI water.  Reductions for 2 g/L Brass + microbes + 180 µg/L Pb2+ with mixing (), 2 
g/L Brass + microbes + 180 µg/L Pb2+ without mixing (∆), 20  g/L Brass + microbes + 180 µg/L 
Pb2+ with mixing (●), 20  g/L Brass + microbes + 180 µg/L Pb2+ without mixing (). Symbols 
correspond to the average results of 3 runs, and error bars correspond to respective standard 
deviations.  (▪▪▪) is the MCL for the US EPA 1300 µg/L copper, 15 µg/L lead, 5,000 µg/L zinc. 
 
  
Figure 12 shows that without mixing there was significantly (p < 0.001) less microbial 
inactivation than with mixing. After 24 hours without mixing the vessels with brass media did 
not have significantly different of E. coli concentrations than the control (p > 0.05)). For MS2, 
there was a 2 log10 inactivation in 24 hr without mixing, but with mixing there was 3.5 log10 
inactivation at 6 hours and inactivation was beyond the detection limit of 5 log10 at 24 hr.  These 
microbial log10 reduction results support the conclusion from Section 3.2 that a large portion of 
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the microbial inactivation is taking place at the surface of the brass media and mixing facilitates 
the contact between microbes and brass. 
 Figure 13 shows that lead removal was also significantly (p < 0.001) slower when there 
was no mixing in the vessels. At a brass dose of 20 g/L the lead removal had a reaction rate 
constant of k=0.0010 gbrass/L/hr without mixing and k = 0.024 gbrass/L/hr with mixing. This result 
is consistent what was seen in the microbial inactivation. The rates of copper and zinc release 
from the brass were much smaller without mixing than with mixing. The average peak zinc 
concentration for a brass dose of 20 g/L was 7500 µg/L with mixing while it was only 1800 µg/L 
in the vessel with no mixing. Overall, the results suggest that without extensive contact between 
the water and the brass there is little to no microbial inactivation or metal removal. 
Table 8. Reaction rate constants for microbial inactivation and metal removal for brass, and rate 
at which copper and zinc are released by the brass granules into solution in test water at pH 6.5. 
Vessel E. coli 
KO11 
reduction 
rate 
MS2 
reduction 
rate 
Copper 
removal 
rate 
Lead 
removal 
rate 
Zinc release 
rate 
Copper 
release rate 
pH 6.5 k2 (hr
-1) k2 (hr
-1) k1 
(gbrass/L/hr) 
k1 
(gbrass/L/hr) 
(ppb/hr/gbrass/L
) 
(ppb/hr/gbras
s/L) 
Brass + 
Microbes 
0.31 ± 
0.02 
0.69 ± 
0.05 
N/A N/A 135 ± 8 8 ± 1 
Brass N/A N/A N/A N/A 154 ± 7 4 ± 1 
Brass + 
Microbes + 
Lead 
0.20 ± 
0.01 
0.64 ± 
0.06 
N/A 0.022 ± 
0.003 
179 ± 21 10 ± 2 
Brass + 
Microbes + 
Cu/Pb 
1.5 ± 0.2 1.3 ± 0.2 0.03 ± 0.01 0.014 ± 
0.002 
122 ±7 N/A 
Brass + 
Cu/Pb 
N/A N/A 0.09 ± 0.01 0.072 ± 
0.007 
125 ± 24 N/A 
Zn2+ + 
Microbes 
0.049 ± 
0.008 
0.032 ± 
0.01 
N/A N/A N/A N/A 
Cu2+ + 
Microbes 
0.106 ± 
0.009 
0.056 ± 
0.006 
N/A N/A N/A N/A 
Cu2+ + Zn2+ 
+ Microbes 
0.085 ± 
0.005 
0.072 ± 
0.007 
N/A N/A N/A N/A 
10x Brass + 0.43 ± 0.59± N/A 0.024 ± 18 ± 5 0.7 ± 0.2 
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Microbes + 
Lead 
0.04 0.07 0.002 
10x Brass + 
Microbes + 
Lead; No 
Stirring 
0.02 ± 
0.01 
0.11 ± 
0.02 
N/A 0.0010 ± 
0.0001 
4.2 ± 0.5 0.17 ± 0.03 
pH 8.5       
Brass + 
Microbes 
0.35 ± 
0.03 
0.40 ± 
0.04 
N/A N/A 14 ± 1 5.1 ± 0.7 
Brass + 
Microbes + 
Cu/Pb 
N/A N/A 0.006 ± 
0.001 
0.006 ± 
0.001 
40 ± 6 N/A 
Brass + 
Cu/Pb 
N/A N/A 0.018 ± 
0.002 
0.018 ± 
0.002 
28 ± 4  N/A 
 
 
 3.6 Microbe reduction and lead removal by brass in column configuration 
 For POU applications, a simple and user friendly design would be to have the water 
treatment medium in a flow through configuration.  The POU device could then be plumbed into 
a faucet or the user could pour water into or over a bed of media. To test the how the brass 
performed in a flow-through configuration brass medium column tests were performed in the lab. 
 Column experiments were conducted at two empty bed contact times (EBCT = 10 
seconds and EBCT = 120 seconds). The corresponding results for microbial reductions are 
shown in Figure 14.   
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Figure 14. E. coli (A, C) and MS2 (B, D) inactivation in 2 mM NaHCO3 buffered DI water at 
pH 7.0 and 22 oC.  Reductions for EBCT = 10 seconds (A, B) and EBCT =120 seconds (C, D).  
E. coli + MS2 + 180 µg/L Pb
2+ 
(), E. coli + MS2 (∆).Shown are average results of 3 runs with 
standard deviations 
 
As shown in Figure 14 an EBCT of 10 seconds in the column had virtually no microbial 
inactivation (< 1 Log10) of E. coli or MS2 bacteriophage. At the longer contact time, EBCT of 
120 seconds, microbial reductions were observed within the first 250 bed volumes (1.3 Log10 for 
E. coli and 4.0 Log10 for MS2); however, those reductions decreased to nearly zero after 500 bed 
volumes of water had passed through the column. A likely explanation of this phenomenon is 
that over time the bacteria, viruses and organic matter in the test water fouled the brass surface 
reducing the interaction between the microbes in the water and the brass surface. For both E. coli 
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and MS2, the microbial reductions were greater when lead ions were not present. This 
observation is consistent with what was observed in the batch experiments where the presence of 
lead ions also resulted in a lower rate of microbial inactivation. 
 In addition to the microbial reductions, the extent of copper and zinc release and lead 
reduction of the brass granular media in column configuration were examined. The metals results 
can be found in Figure 15. The concentration of copper released from the brass was observed to 
be well below the EPA limit for all column experiments. The concentration of zinc in the 
effluent water also was observed to be typically well below the EPA limit in all cases, except at 
the beginning of the column runs with an EBCT of 120 seconds. In all test conditions, the 
concentration of zinc in the effluent water was greater at the beginning of the column runs and 
stabilized to a fairly constant value after 250 bed volumes. This observation could also be an 
indication that the microbes and organic matter in the test water foul the brass surface. However, 
other reasons could explain why zinc release could decrease over time; such as the surface of the 
brass could initially contain more zinc oxide which is more readily dissolved (Franklin et al. 
2007) at the beginning of the experiment.  
 Figure 15 also shows that lead removal by the brass granular media was about 95% at the 
beginning of the column runs; however, lead removal decreased significantly at 250 bed volumes 
and continued to decline down to about 20% lead reduction at 750 bed volumes. This behavior 
for lead removal occurred both in the presence and absence of microbes.  
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Figure 15: Zinc (A, D) and Copper (B, E) release and Lead (C, F) reduction in 2 mM NaHCO3 
buffered DI water.  Metal concentrations for 120 EBCT (A, B, C) and 10 EBCT (D, E, F).  E. 
coli + MS2 (), E. coli + MS2 + 180 µg/L Pb2+ (○), and 180 µg/L Pb2+ (x). Shown are average 
results of 3 runs with standard deviations (error bars) 
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3.7 Copper removal from test waters by brass in a column configuration 
Unpublished data collected by Chuan Wang. 
 The removal of copper by the brass granular medium in column configuration was 
previously investigated in an unpublished study by a former student, Chuan Wang (C. Wang et 
al. 2014). The results showed that brass was very effective (>99%) at removing copper from 
water (see Figure 15) even at short contact times. The ability of brass to remove copper from 
water was sustained for over 10,000 bed volumes before it gradually declined to near zero by 
56,000 bed volumes (see Figures 15 and 16). The combined results from the previous study and 
this study therefore indicate that brass is much more effective at removing copper than lead from 
water.  
 
Figure 16: Copper removal by brass granular media for influent copper concentration of 1000 
µg/L in 2 mM carbonate buffer at pH7 as a function of time. Data collected by Chuan Wang 
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Figure 16: Percent removal of copper by brass granular media from 2 mM carbonate buffered 
water at pH7 with inlet concentration of 1,500 µg/L. Data from Chuan Wang  
 
3.8 Comparison to other research on microbial inactivation and metal removal with 
copper and brass 
Much research has been done investigating the antimicrobial properties of copper and 
copper ions; however, to our knowledge very little research has been done examining metals in 
the form of granular media specifically for antimicrobial and metal removal properties. Witsil 
(2014) found that pouches containing 28.85 grams of brass at the bottom of a 4 L vessel achieved 
little to no microbial inactivation. This result is similar to what was found in the batch 
experiments in this study in the absence of mixing of the contents in vessel. However, Witsil 
reported about 2 log10 E. coli reduction and 3 log10 reduction of MS2 in 48 hours without mixing 
when mixtures of copper, zinc and silver granules were used as the form of combined metal 
particles in pouches at a quantity of 28.85 grams per 4 liters of test water 
In contrast to the scarce literature on microbe and metal removal by granular metal media 
specifically, there has been much work on the antimicrobial properties of copper. A previous 
study (Mathews et al. 2013) has suggested that microbial inactivation of copper surfaces is 
greatly influenced by direct contact with the surface instead of the ions released by the surface. 
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In the study by Matthews et al. on the inactivation of Enterococcus hirae on dry copper surfaces, 
it was found that a pure copper surface inactivated 106 bacteria in 30 minutes. However, when 
they put a barrier over the copper to prevent direct contact between the surface and the microbes, 
the microbes were only reduced by 1 log10 in 3.5 hours even though the copper ions released into 
the droplet containing bacteria was the same. This report is consistent with what was found in 
Section 3.2 where vessels with brass granular media in them had significantly greater microbial 
reductions than vessels spiked with the equivalent amount of copper and zinc ions released by 
brass.  
Other researchers (Shrestha et al. 2009; Thomas et al. 2015; Phelps 1905) have also 
suggested copper and copper alloys for water treatment.  Brass, copper and silver pots have been 
shown to achieve 4 log10 reduction of bacteria in 48 hours (Shrestha et al. 2009).  Additionally, 
Thomas et al. (Thomas et al. 2014) suggested using copper microparticles in an alginate matrix 
for reducing bacteria concentrations in decentralized waste water systems. They found that the 
copper loaded alginate beads were able to reduce bacterial loads by over 3 log10 in 90 minutes 
when added to an agitated solution at a copper concentration of 1 g/L. When mixed in a swirl 
flow reactor with high shear rates they found E. coli reductions of over 6 log10 in 15 minutes 
with the same copper loaded alginate beads (Thomas et al. 2015). These studies suggest that 
copper and copper alloys can reduce bacterial loads in water as was demonstrated in this present 
study. However, we are unaware of any examples of copper or copper alloys being used in for 
microbial reduction at the POU in field use conditions over long periods of time. 
Lead and copper removal have been studied at the POU using granular activated carbon 
adsorption and cation exchange resin (Deshommes et al. 2010). This study tested both gravity 
fed and flow-through POU devices with similar contact times as used in the present study. They 
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found lead and copper reduction of the devices to be in the 80% to mid-90% range. Additionally, 
this magnitude of reduction was sustained for all of the devices tested for up to 120% of their 
capacity. In a similar study (Gulson et al. 1997)  investigating a pour-through BRITA filter,  lead 
removal was reported to range from 60-80% over 250 liters and copper removals to be above 
80%. The brass granular media had higher rates of copper removal (>95% for 10,000 bed 
volumes) but lower rates of lead removal (~20% after 750 bed volumes) than these current 
studies. 
Removal of copper and lead from wastewater through redox reactions has been examined 
for both zero valent iron and zinc (Rangsivek and Jekel 2005; Li and Zhang 2007; Mubarak, El-
Shazly, and Konsowa 2004; Nosier, SA, Sallam 2000).  Many of the studies are conducted under 
much different conditions than the conditions at which the brass was tested (low pH, much 
higher (~100 ppm) copper or lead concentration). However, a study by Rangsivek and Jekel 
(Rangsivek and Jekel 2005), examined copper and zinc removal from wastewater by zerovalent 
iron at pH 6 and a copper concentration of 1 mg/L. Under those conditions they found the copper 
removal rate constant (k) to be 0.2 giron/L/hr. This rate constant is only slightly faster than what 
was found in in this study (section 3.1) for copper removal (0.09 gbrass/L/hr). 
 
3.9 Implications for point-of-use treatment 
 In this study, the inactivation of  E. coli KO11 and MS2  and the removal of copper and 
lead  by treatment with granular brass particles was investigated in batch and column 
configurations. The data are intended to help determine if brass granular media can be used for 
effective point-of-use water treatment. From a microbiological efficacy standpoint, results from 
the performance assessment of the of brass medium were compared to the WHO microbial 
46 
 
reduction performance targets which require greater than 4 log reduction of bacteria and 5 log 
reduction for viruses for a household water treatment technology to be considered highly 
effective (World Health Organization 2011a). Based on the data collected in this present study, a 
2 g/L dose of brass with constant mixing would take 5.5 hours to achieve a 4 log reduction of 
bacteria and 4 hours to achieve a 5 log reduction of viruses. The time to achieve 4 logs of 
bacterial reduction increases significantly to 8.5 hours if lead ions are present in the water. 
Although a dose of 2 g/L would be inexpensive to treat water with (the granular brass medium 
costing less than $0.02 per gram) (KDF Fluid Treatment Inc 2014) constant mixing for over 5 
hours would be hard to achieve in a point-of-use setting.  
 A column configuration could be a simple, user-friendly point-of-use technology. Ideally, 
in a column configuration the user could pour water into the top of a point-of-use device and 
purified water would come out the bottom. Note that this is the way that some granular activated 
carbon, ceramic, biosand and polymeric membrane filters operate. In this configuration the brass 
media had limited E. coli reduction even at a 120 second contact time. The bacteria reductions 
would not even be enough to be considered “protective” by the WHO guidelines. The virus 
reductions at the beginning of the column runs were better (4 Log10) at higher bed volumes, 
decreasing to near zero with relatively little water passing through the column (~500 bed 
volumes). Results were similar for lead removal, with as much as 95% removal initially and only 
20% removal after 750 bed volumes. Additionally, the zinc concentrations that were released 
from the brass were near the EPA limit when the brass was performing at its best in terms of 
microbial and lead removal. Therefore, it is unlikely that the brass granular media could be used 
as a standalone technology for microbial protection in a point of use treatment device without an 
innovative and user-friendly approach to optimize contact between the contaminants in water and 
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the brass granular media particles. Other types of brass could be tested to see if they are able to 
achieve better microbial reductions. For example, a finer grain brass could possibly improve the 
contact between the brass and the microbes and thus achieve better performance. Also, a brass 
with higher copper content could reduce microbes more effectively since results indicate that 
copper ions have better antimicrobial properties than zinc ions. This option is supported by 
research done on other copper alloys that have higher microbial inactivation with higher copper 
content (J. Liu et al. 2014). However, both of these options alone could exhibit the same decline 
in performance at relatively low use over volume or time as seen with the brass media tested in 
this study.  
 While brass would likely not have potential as a standalone POU technology to ensure 
microbiological safety, brass could be used to augment another POU treatment technology. For 
example, a bed of brass following treatment with a ceramic pot filter could be a simple way to 
increase virus reductions for ceramic filters, since ceramic pot filters often struggle to achieve 
virus reduction because the pore size is often larger than the size of viruses. Therefore, a bed of 
brass could help increase the virus reductions while the ceramic filter could remove the larger 
organic and inorganic particles including bacteria and protozoan parasites. Some of the particles 
which appear to adsorb onto the brass granular media diminishing its ability to further remove 
microbes could be removed initially by the ceramic filter, thereby improving the performance of 
the brass particles for microbial and metals reductions.  
Brass particles could be used in conjunction with another POU technology so the 
technology would have improved performance for both microbes and metal contaminants. This 
would especially be useful in locations where chemical and microbial contaminants are both 
present.  In data collected by Chuan Wang (C. Wang et al. 2014) and discussed in Section 3.10, 
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brass granular media appear to be effective at removing copper from water at a broad range of 
empty bed contact times, including short contact times (under 10 seconds). The data collected in 
this study showed that brass is less effective in the long term for lead removal.  Although, 
reductions of 95% were seen early (<250 bed volumes), lead removal decreased to around 20% 
by 750 bed volumes. This result implies that brass can remove some lead but eventually it would 
not be very protective; as 20% removal would not be enough removal to reduce lead 
concentrations from the EPA MCL (15 µg/L) to the WHO MCL (10µg/L).  More work is needed 
to evaluate the effect of various water parameters on metal removal, such as dissolved organic 
matter content, type and concentration of metal contaminants or other chemical species in the 
water. 
 
3.10 Suggested future work 
Based on the results of this study, it appears that brass granular media does have 
antimicrobial properties and the ability to remove copper and lead from water.  These attributes 
could be useful in POU water treatment. However, it appears that the form of brass media 
evaluated in this study has limitations that restrict it from being a standalone technology in POU 
water treatment in the configurations tested. Therefore, future research with brass could examine 
its performance when tested in other physical forms such as smaller particles, with improved 
continuous contact between the brass particles and the water and its contaminants and when 
combined with other POU technologies.    
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5. CONCLUSIONS 
 In this study the microbial inactivation kinetics and copper and lead removal properties of 
brass granular media were investigated. The study set out to determine if brass granular media is 
a suitable material for POU water treatment by characterizing the kinetics of contaminant 
removal using chemically defined (synthetic) waters. The key findings were as follows: 
 Brass granular mass was able to inactivate E. coli KO11 and MS2 bacteriophage in test 
water at ambient temperatures of 22 oC. At a dose of 2 g/L in carbonate buffered water at 
pH 6.5, brass had an inactivation rate constant (k2) of 0.31 hr
-1 for E. coli and 0.69 hr-1 for 
MS2 bacteriophage.  
 Granular brass media was able to remove dissolved copper and lead ions from water both 
in the presence and absence of microbes. The copper and lead removal rate constants 
were both over three times greater when microbes were not present. 
 At pH 6.5, zinc was released from the brass granules at an average rate of 140 
ppb/gbrass/L/hr. At a brass dose of 2 g/L, this results in zinc concentrations over the EPA 
limit of zinc in drinking water (5,000 ppb) in about 17 hours.  
 Over a pH range of 6.5-8.5 the microbial inactivation rate of E. coli KO11 was the same 
and the inactivation rate of MS2 coliphage was slightly lower. However, the rate of zinc 
release was about 5 times lower at pH 8.5. 
 Microbial inactivation for both E. coli KO11 and MS2 was faster with the brass particles 
than when copper and zinc ions were added at an amount equivalent to what was released 
from the brass granules into water. This observation suggests that some of the microbial 
inactivation occurs in the presence of the brass particles and may require contact between 
the brass particles and the microbes in water. 
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 A 10-fold increase in brass dose resulted in about a 10-fold increase in lead removal. 
However a 10-fold increase in brass dose only resulted in a 2.3-fold increase in E. coli 
inactivation rate and did not significantly increase the rate of inactivation of MS2.  
 Removal of E. coli and MS2 in a column configuration was lower than what is required 
to categorize a POU device as “highly protective” by the WHO at  EBCTs of both 120 
seconds and 10 seconds. The little microbial reduction attained was diminished to less 
than 0.5 Log10 within 500 bed volumes.  
 Removal of lead was greater than 95% initially but declined to 20% within 750 bed 
volumes. However, copper removal was initially over 99% and remained at over 95% for 
over 10,000 bed volumes. 
The results of these studies suggest that in a batch configuration over long periods of time 
(several hours) with mixing brass does inactivate bacteria and viruses and remove copper and 
lead from a model test waters. However, based on the column results, brass granular media does 
not appear to be sufficient for effective contaminant removal as a standalone technology. 
Therefore, any potential further research could either look at using brass particles to augment 
other POU technologies or at other possible configurations that would optimize the performance 
of brass. 
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APPENDIX 1: pH for batch experiments  
  
Figure A-1. Average pH of vessels in batch experiments at 0, 12, and 24 hours.  
   
6.0
6.5
7.0
7.5
8.0
8.5
9.0
0 6 12 18 24
p
H
Time (hr)
pH
Time (hrs) 0 12 24
Vessel 1 a 6.55 6.95 7.54
Vessel 1 b 6.57 6.78 7.05
Vessel 2 6.55 6.85 7.56
Vessel 2 b 6.57 6.72 6.79
Vessel 3 6.55 6.88 7.68
Vessel 3 b 6.57 6.72 6.65
Vessel 4 6.54 7.13
Vessel 4b 6.55 7.13 7.2
Vessel 5 6.54 7.19 7.31
Vessel 5 b 6.6 7.2 7.15
Vessel 6 6.54 7.21 7.63
Vessel 6 b 6.6 6.35 6.9
Vessel 7 6.52 7.05 7.46
Vessel 7b 6.66 6.67
Vessel 8a 6.66 6.95 7.25
Vessel 8b 6.66 6.9 7.2
Vessel 8c 6.66 6.93 7.3
Vessel 9a 6.66 7.1 7.65
Vessel 9b 6.66 7.22 7.69
Vessel 9c 6.68 7.25 7.73
Vessel 10a 6.68 7 7.56
Vessel 10b 6.68 7.1 7.6
Vessel 10c 6.68 6.95 7.44
Vessel 18a
Vessel 18b 6.56 7.45
Vessel 18c 6.56 7.32
Vessel 19a
Vessel 19b 6.53 7.14
Vessel 19c 6.53 7.08
Vessel 20a
Vessel 20b 6.53 7.47
Vessel 20c 6.53 7.69
Vessel 21a
Vessel 21b 6.53 7.41
Vessel 21c 6.53 7.34
Average 6.59 6.97 7.32
StDev 0.06 0.22 0.31
Time (hrs) 0 12 24
Vessel 12 a 8.4 8.06 8.03
Vessel 12 b 8.54 8.34 8.23
Vessel 12 c 8.54 8.4 8.27
Vessel 13 a 8.4 8.12 8.26
Vessel 13 b 8.54 8.32 8.47
Vessel 13 c 8.54 8.38 8.4
Vessel 14 a 8.43 8.15 8.31
Vessel 14 b 8.48 8.5 8.48
Vessel 14 c 8.48 8.48 8.46
Vessel 15 a 8.42 8.11 8.28
Vessel 15 b 8.44 8.38 8.46
Vessel 15 c 8.44 8.5
Average 8.47 8.29 8.33
StDev 0.06 0.16 0.14
pH 8.5 Start
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APPENDIX 2: Metal and Microbial controls 
    
Figure A-2a. Microbial control at pH 6.5 (●) and pH 8.5 (). 
 
 
Figure A-2b. Metals control. 
 
  Lead (ppb)     Copper (ppb) 
  t = 0 t = 24     t = 0 t = 24 
Run 1 144.1 147.9   Run 1 1732.2 1764.3 
Run 2 144.7 127.7   Run 2 1712.6 1750.3 
Run 3 159.5 153.8   Run 3 1749.9 1761.2 
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APPENDIX 3. Data related to figures 
Figure 4. 
 
 
E. Coli E. Coli Control subtracted
Vessel 1 Microbial Control Vessel 1Detection Limit
Time Standard Time
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average
0 0.000 0.000 0.000 0.000 0.000 0 -4.978 -4.982 -4.982 -4.981
1 -0.215 0.006 0.000 -0.070 0.126 1 -4.763 -5.021 -4.982 -4.922
3 -0.368 -0.024 -0.009 -0.134 0.203 3 -4.610 -4.991 -4.973 -4.858
6 -0.677 -0.128 -0.183 -0.329 0.302 6 -4.301 -4.886 -4.799 -4.662
12 -0.485 -0.237 -0.183 -0.302 0.161 12 -4.493 -4.778 -4.799 -4.690
24 -0.758 -0.413 -0.464 -0.545 0.186 24 -4.220 -4.602 -4.519 -4.447
Vessel 3 Microbes + Brass Vessel 3Microbes + Brass
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.252 -0.204 -0.039 -0.165 0.112 1 -0.183 -0.135 0.030 -0.096 0.112
3 -1.360 -0.638 -0.761 -0.920 0.386 3 -1.226 -0.505 -0.627 -0.786 0.386
6 -2.483 -1.290 -2.291 -2.022 0.641 6 -2.154 -0.961 -1.962 -1.692 0.641
12 -4.146 -3.574 -4.738 -4.153 0.582 12 -3.845 -3.272 -4.437 -3.851 0.582
24 -4.924 24 -4.380
Vessel  6 Microbes + Cu/Pb + Brass Vessel  6Microbes + Cu/Pb + Brass
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 -1.273 -1.616 -1.030 -1.306 0.295 0 -1.273 -1.616 -1.030 -1.306 0.295
1 -2.980 -3.077 -2.627 -2.895 0.237 1 -2.847 -3.008 -2.558 -2.804 0.228
3 -4.494 -4.429 -3.835 -4.253 0.363 3 -4.698 -4.296 -3.702 -4.232 0.501
6 6
12 12
24 24
Vessel 7 Microbes + Lead + Brass Vessel 7Microbes + Lead + Brass
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.244 -0.056 -0.176 -0.122 -0.150 0.080 1 -0.174 0.013 -0.176 -0.053 -0.097 0.095
3 -0.523 -0.381 -1.011 -0.259 -0.543 0.330 3 -0.389 -0.247 -1.011 -0.126 -0.443 0.132
6 -1.181 -1.011 -1.488 -1.466 -1.286 0.231 6 -0.852 -0.681 -1.488 -1.136 -1.039 0.230
12 -2.167 -2.936 -3.011 -2.567 -2.670 0.388 12 -1.865 -2.634 -3.011 -2.265 -2.444 0.385
24 -4.501 -4.496 24 -3.956 -3.951
E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction
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Figure 4. E. coli (A) and MS2 (B) inactivation with brass at 2 
g/L mixed in 2 mM NaHCO3 buffered water at pH 6.5.  
Reductions for: Brass (), Brass + 180 µg/L Pb2+ (), and 
Brass + 180 µg/L Pb2+ + 1,800 µg/L Cu2+(). The reductions 
shown correspond to the measured reductions subtracted from 
reductions in the microbial control without brass. (– –) is the 
limit of detection. Symbols correspond to the average results of 
a minimum of 3 runs, and error bars correspond to respective 
standard deviations. 
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MS2 MS2 Control subtracted
Vessel 1 Microbial Control Vessel 1 Microbial Control
Time Time Standard
(hrs) Run 1 Run 2 Run 3 Average (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 -5.229 -4.658 -4.710 -4.866 0.316
1 -0.256 -0.365 -0.361 -0.328 1 -4.973 -4.292 -4.349 -4.538 0.378
3 -0.489 -1.078 -0.276 -0.614 3 -4.740 -3.580 -4.434 -4.251 0.601
6 -0.343 -0.451 -0.411 -0.401 6 -4.886 -4.207 -4.299 -4.464 0.369
12 -0.305 -0.481 -0.549 -0.445 12 -4.924 -4.176 -4.161 -4.420 0.436
24 0.050 -0.571 -1.385 -0.636 24 -5.279 -4.086 -3.325 -4.230 0.985
Vessel 3 Microbes + Brass Vessel 3 Microbes + Brass
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.735 -1.102 -2.409 -1.415 0.880 1 -0.408 -0.775 -2.082 -1.428 0.880
3 -2.960 -3.466 -2.732 -3.053 0.376 3 -2.346 -2.852 -2.118 -2.485 0.376
6 -3.960 -4.193 -4.710 -4.288 0.384 6 -3.558 -3.792 -4.309 -4.050 0.384
12 -4.773 12 -4.328
24 24
Vessel  6 Microbes + Cu/Pb + Brass Vessel  6 Microbes + Cu/Pb + Brass
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.026 -0.798 0.063 -0.236 0.487 0 0.026 -0.798 0.063 -0.236 0.487
1 -1.506 -1.554 -3.230 -2.097 0.982 1 -1.179 -1.226 -2.903 -1.769 0.982
3 -3.768 -4.959 -4.481 -4.403 0.599 3 -3.154 -4.344 -3.867 -3.788 0.599
6 6
12 12
24 24
Det. Lim Det. Lim
Vessel 7 Microbes + Lead + Brass Vessel 7 Microbes + Lead + Brass
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.140 -1.878 -2.051 -1.729 -1.449 0.883 1 0.188 -1.551 -1.724 -1.401 -1.122 0.883
3 -2.634 -4.507 -1.949 -2.729 -2.955 1.091 3 -2.020 -3.892 -1.335 -2.115 -2.340 1.091
6 -3.071 -5.109 -3.148 -4.574 -3.976 1.024 6 -2.670 -4.707 -2.747 -4.173 -3.574 1.024
12 -4.519 12 -4.073
24 24
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
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Figure 5. 
 
Copper Zinc
Vessel 3Microbes + Brass Vessel 3Microbes + Brass
Time Time
(hrs) Run 1 Run 2 Run 3 Run 4 Average Standard Deviation (hrs) 13-Jan 20-Jan 3-Feb 27-Feb Average Standard Deviation
0 6.077 0.691 7.403 4.724 3.555 0 116.471 8.286 28.844 51.200 57.453
1 35.024 56.270 103.504 35.778 57.644 32.119 1 457.931 393.459 726.433 666.459 561.070 160.398
3 89.837 141.518 236.227 63.986 132.892 76.058 3 1029.516 949.524 1584.098 1148.662 1177.950 282.857
6 96.896 222.915 295.356 105.394 180.140 95.953 6 1564.449 1602.747 2164.868 1931.161 1815.806 285.030
12 117.701 512.391 473.068 145.741 312.225 209.359 12 2607.333 4384.699 4729.374 3341.265 3765.668 971.903
24 73.635 494.284 362.143 261.282 297.836 177.322 24 3364.137 6362.900 7691.082 7039.943 6114.516 1912.089
Vessel  5Cu/Pb + Brass Vessel  5Cu/Pb + Brass
Time Time
(hrs) Run 1 Run 2 Run 3 Run 4 Average Standard Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Standard Deviation
0 1721.985 1755.196 1738.591 23.484 0 68.897 151.063 109.980 58.100
1 1287.814 1025.631 836.493 1049.979 226.644 1 581.062 982.361 1000.284 854.569 237.034
3 683.914 431.390 557.652 178.562 3 1318.508 2869.601 2094.054 1096.788
6 508.899 109.372 216.450 278.240 206.807 6 3135.625 4892.087 3688.309 3905.340 898.119
12 395.577 40.760 218.169 250.893 12 5031.795 3678.517 4355.156 956.912
24 96.870 12.650 176.622 95.381 81.996 24 6637.342 2369.268 8976.309 5994.306 3350.130
Vessel 6Microbes + Cu/Pb + Brass Vessel 6Microbes + Cu/Pb + Brass
Time Time
(hrs) Run 1 Run 2 Run 3 Run 4 Average Standard Deviation (hrs) 13-Jan 20-Jan 3-Feb 27-Feb Average Standard Deviation
0 1422.998 1296.203 1328.466 1349.222 65.896 0 83.741 61.644 54.379 66.588 15.293
1 1410.508 1241.237 1253.129 984.178 1222.263 176.478 1 196.516 208.157 464.473 754.060 405.801 263.053
3 1224.994 1051.485 956.724 679.772 978.244 227.888 3 573.639 848.098 1111.679 1347.723 970.285 334.021
6 912.162 789.362 866.429 460.743 757.174 204.014 6 1118.714 1746.494 1940.649 2247.732 1763.397 476.760
12 449.930 598.599 536.062 324.824 477.354 118.553 12 2323.021 3327.620 4505.246 3405.383 3390.318 891.879
24 266.655 454.676 310.291 311.999 335.905 81.914 24 3876.936 6413.020 6483.485 7645.130 6104.643 1588.961
Lead
Vessel  5Cu/Pb + Brass
Time
(hrs) 13-Jan 20-Jan 3-Feb 27-Feb Average Standard Deviation
0 144.478 151.063 147.770 4.657
1 128.729 110.476 137.537 125.581 13.803
3 113.959 82.092 117.164 104.405 19.390
6 91.071 58.080 115.053 88.068 28.605
12 73.994 6.642 78.696 53.111 40.312
24 6.577 3.319 40.919 16.938 20.832
Vessel 6Microbes + Cu/Pb + Brass
Time
(hrs) 13-Jan 20-Jan 3-Feb 27-Feb Average Standard Deviation
0 83.741 61.644 83.780 76.388 12.769
1 87.470 63.818 84.910 116.629 88.207 21.710
3 86.946 74.521 80.888 108.847 87.800 14.920
6 80.861 53.849 58.421 74.060 66.798 12.759
12 68.493 38.534 36.512 57.021 50.140 15.325
24 65.074 31.921 32.514 33.029 40.634 16.300
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction
Figure 5: Copper (A), Lead (B) and Zinc (C) 
concentrations with brass at 2 g/L mixed in 2 
mM NaHCO3 buffered DI water at pH 6.5.  
Reductions for Brass + microbes (), Brass + 
180 µg/L Pb2+ + 1,800 µg/L Cu2+ (◊) and Brass 
+ 180 µg/L Pb2+ + 1,800 µg/L Cu2+ + Microbes 
(). Shown are average results of a minimum 
of 3 runs with standard deviations (error bars). 
(▪▪▪) MCL for the US EPA 1300 µg/L copper, 
15 µg/L lead, 5000 µg/L zinc.
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Figure 6. 
 
  
Zinc Concentration Maximum Zinc Concentration Zinc Concentration
Average Standard Deviation Time (ppb) Vessel Time (ppb)
Time (ppb) 0 315 (ppb) 0 522
0 54 38 2 315 0 29 2 522
1 474 170 2 944 1 726 2 1279
3 1129 301 4 944 3 1584 4 1279
6 1917 551 4 1574 6 2165 4 2036
12 3817 991 6 1574 12 4729 6 2036
24 6074 1622 6 2204 24 7691 6 2793
8 2204 8 2793
8 2833 8 3550
10 2833 10 3550
10 3463 10 4307
12 3463 12 4307
24 3463 12 5064
24 5063.73
Copper Concentration
Average Standard Deviation Time (ppb) Maximum Zinc Concentration Zinc Concentration
(ppb) 0 31 Vessel Time (ppb)
0 4 3 2 31 (ppb) 0 103
1 85 83 2 93 0 6 2 103
3 212 172 4 93 1 70 2 236
6 237 170 4 155 3 135 4 236
12 320 205 6 155 6 242 4 281
24 271 204 6 216 12 400 6 281
8 216 24 606.6713 6 335
8 278 8 335
10 278 8 388
10 340 10 388
12 340 10 442
24 340 12 442
12 495.614
24 495.614
24 495.614
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Average Copper Concentration
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Figure 7. 
 
 
E. Coli E. Coli Control subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1 Microbial Control - from Figure 1
Time Standard Time
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average
0 0.000 0.000 0.000 0.000 0.000 0 -4.978 -4.982 -4.982 -4.981
1 -0.215 0.006 0.000 -0.070 0.126 1 -4.763 -5.021 -4.982 -4.922
3 -0.368 -0.024 -0.009 -0.134 0.203 3 -4.610 -4.991 -4.973 -4.858
6 -0.677 -0.128 -0.183 -0.329 0.302 6 -4.301 -4.886 -4.799 -4.662
12 -0.485 -0.237 -0.183 -0.302 0.161 12 -4.493 -4.778 -4.799 -4.690
24 -0.758 -0.413 -0.464 -0.545 0.186 28 -4.220 -4.602 -4.519 -4.447
Vessel 3 Microbes + Brass - from Figure 1 Vessel 3 Microbes + Brass - from Figure 1
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.252 -0.204 -0.039 -0.165 0.112 1 -0.183 -0.135 0.030 -0.096 0.112
3 -1.360 -0.638 -0.761 -0.920 0.386 3 -1.226 -0.505 -0.627 -0.786 0.386
6 -2.483 -1.290 -2.291 -2.022 0.641 6 -2.154 -0.961 -1.962 -1.692 0.641
12 -4.146 -3.574 -4.738 -4.153 0.582 12 -3.845 -3.272 -4.437 -3.851 0.582
24 -4.924 24 -4.380
Vessel 8 Microbes + Zinc Ions Vessel 8 Microbes + Zinc Ions
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.006 -0.006 1 0.063 0.063
3 -0.182 -0.182 3 -0.048 -0.048
6 -0.203 -0.203 6 0.126 0.126
12 -1.009 -0.763 -0.670 -0.344 -0.697 0.175 12 -0.708 -0.462 -0.369 -0.042 -0.395 0.275
25 -1.775 -1.442 -1.255 -2.954 -1.857 0.263 25 -1.230 -0.897 -0.711 -2.409 -1.312 0.763
Vessel  9 Microbes + Copper Ions Vessel  9 Microbes + Copper Ions
Time Time Standard
(hrs) A B C D Average Standard Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 0.025 0.025 1 0.095 0.095
3 -0.143 -0.143 3 -0.009 -0.009
6 -0.234 -0.234 6 0.095 0.095
12 -1.420 -1.282 -1.390 -1.203 -1.364 0.072 12 -1.119 -0.981 -1.089 -0.902 -1.063 0.100
25 -4.303 -3.107 -2.875 -2.268 -3.428 0.766 25 -3.758 -2.562 -2.875 -1.724 -2.730 0.841
Vessel  10 Microbes + Zinc and Copper Ions Vessel  10 Microbes + Zinc and Copper Ions
Time Time
(hrs) A B C D Average Standard Deviation (hrs) A B C D Average Standard Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.095 -0.095 1 -0.026 -0.026
3 -0.298 -0.298 3 -0.165 -0.165
6 -0.606 -0.606 6 -0.277 -0.277
12 -1.968 -1.170 -1.290 -1.456 -1.476 0.431 12 -1.667 -0.868 -0.989 -1.154 -1.169 0.352
25 -2.229 -2.374 -2.713 -2.301 0.102 25 -1.684 -1.829 -2.168 -1.894 0.248
Vessel 11 Microbes + Zinc and Copper High End Vessel 11 Microbes + Zinc and Copper High End
Time Time E. Coli Log Reduction
(hrs) A B C Average Standard Deviation (hrs) A B C Average Standard Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -0.254 -0.254 3 -0.185 -0.185
6 -0.715 -0.715 6 -0.581 -0.581
12 -1.402 -1.291 -1.680 -1.458 0.201 12 -1.073 -0.962 -1.351 -1.128 0.201
24 -2.305 -3.061 -3.525 -2.964 0.616 24 -2.003 -2.759 -3.224 -2.662 0.616
E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction
E. Coli Log Reduction
E. Coli Log Reduction
E. Coli Log Reduction
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Figure 7: E. coli inactivation (A, C)  Comparing 2 g/L brass 
particles (●), to equivalent amounts of copper and zinc ions 
added stepwise to imitate Zn2+ (x), Cu2+ (), Cu2+ + Zn2+ (), 
Cu2+ + Zn2+ maximum released (+). 2 mM NaHCO3, pH 6.5. 
Symbols correspond to the average results of 3 runs, and error 
bars correspond to respective standard deviations. (– –) is the 
limit of detection.
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MS2 MS2 Control subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1Microbial Control - from Figure 1
Time Time Standard
(hrs) Run 1 Run 2 Run 3 Average (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 -5.229 -4.658 -4.710 -4.866 0.316
1 -0.256 -0.365 -0.361 -0.328 1 -4.973 -4.292 -4.349 -4.538 0.378
3 -0.489 -1.078 -0.276 -0.614 3 -4.740 -3.580 -4.434 -4.251 0.601
6 -0.343 -0.451 -0.411 -0.401 6 -4.886 -4.207 -4.299 -4.464 0.369
12 -0.305 -0.481 -0.549 -0.445 12 -4.924 -4.176 -4.161 -4.420 0.436
24 0.050 -0.571 -1.385 -0.636 28 -5.279 -4.086 -3.325 -4.230 0.985
Vessel 3 Microbes + Brass - from Figure 1 Vessel 3Microbes + Brass - from Figure 1
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.735 -1.102 -2.409 -1.415 0.880 1 -0.408 -0.775 -2.082 -1.428 0.880
3 -2.960 -3.466 -2.732 -3.053 0.376 3 -2.346 -2.852 -2.118 -2.485 0.376
6 -3.960 -4.193 -4.710 -4.288 0.384 6 -3.558 -3.792 -4.309 -4.050 0.384
12 -4.773 12 -4.328
24 24
Vessel 8 Microbes + Zinc Ions Vessel 8 Microbes + Zinc Ions
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.439 -0.439 1 -0.112 -0.112
3 -0.144 -0.144 3 0.470 0.470
6 -0.016 -0.016 6 0.385 0.385
12 -0.458 -0.357 -1.040 -0.387 -0.618 0.369 12 -0.013 0.089 -0.594 0.059 -0.115 0.322
25 -0.979 -0.921 -1.368 -3.097 -1.089 0.243 24 -0.343 -0.285 -0.733 -2.461 -0.956 1.023
Vessel  9 Microbes + Copper Ions Vessel  9 Microbes + Copper Ions
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.477 -0.477 1 -0.150 -0.150
3 -0.789 -0.789 3 -0.175 -0.175
6 -0.630 -0.630 6 -0.228 -0.228
12 -1.183 -0.902 -0.941 -1.289 -1.079 0.187 12 -0.738 -0.457 -0.496 -0.844 -0.633 0.187
25 -2.594 -1.412 -1.452 -2.541 -2.000 0.656 25 -1.959 -0.776 -0.816 -1.905 -1.364 0.656
Vessel  10 Microbes + Zinc and Copper Ions Vessel  10 Microbes + Zinc and Copper Ions
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.405 -0.405 1 -0.077 -0.077
3 -0.391 -0.391 3 0.223 0.223
6 -0.207 -0.207 6 0.195 0.195
12 -1.220 -1.396 -1.031 -0.949 -1.149 0.200 12 -0.774 -0.951 -0.586 -0.503 -0.704 0.200
25 -2.765 -3.136 -1.944 -2.180 -2.506 0.544 24 -2.130 -2.501 -1.308 -1.545 -1.871 0.544
Vessel 11 Microbes + Zinc and Copper High End Vessel 11 Microbes + Zinc and Copper High End
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -0.588 -0.588 3 0.027 0.027
6 -1.051 -1.051 6 -0.650 -0.650
12 -1.859 -0.871 -1.155 -1.295 0.508 12 -1.413 -0.426 -0.710 -0.850 0.508
24 -2.305 -1.999 -2.762 -2.355 0.384 24 -1.669 -1.363 -2.126 -1.720 0.384
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
Figure 7: MS2 inactivation (B, D) Comparing 2 g/L brass 
particles (●), to equivalent amounts of copper and zinc ions 
added stepwise to imitate Zn2+ (x), Cu2+ (), Cu2+ + Zn2+ (), 
Cu2+ + Zn2+ maximum released (+). 2 mM NaHCO3, pH 6.5. 
Symbols correspond to the average results of 3 runs, and error 
bars correspond to respective standard deviations. (– –) is the 
limit of detection.
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Figure 8. 
 
 
E. Coli E. Coli Control subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1 Microbial Control - from Figure 1
Time Standard Time
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average
0 0.000 0.000 0.000 0.000 0.000 0 -4.978 -4.982 -4.982 -4.981
1 -0.215 0.006 0.000 -0.070 0.126 1 -4.763 -5.021 -4.982 -4.922
3 -0.368 -0.024 -0.009 -0.134 0.203 3 -4.610 -4.991 -4.973 -4.858
6 -0.677 -0.128 -0.183 -0.329 0.302 6 -4.301 -4.886 -4.799 -4.662
12 -0.485 -0.237 -0.183 -0.302 0.161 12 -4.493 -4.778 -4.799 -4.690
24 -0.758 -0.413 -0.464 -0.545 0.186 28 -4.220 -4.602 -4.519 -4.447
Vessel 3 Microbes + Brass - from Figure 1 Vessel 3 Microbes + Brass - from Figure 1
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.252 -0.204 -0.039 -0.165 0.112 1 -0.183 -0.135 0.030 -0.096 0.112
3 -1.360 -0.638 -0.761 -0.920 0.386 3 -1.226 -0.505 -0.627 -0.786 0.386
6 -2.483 -1.290 -2.291 -2.022 0.641 6 -2.154 -0.961 -1.962 -1.692 0.641
12 -4.146 -3.574 -4.738 -4.153 0.582 12 -3.845 -3.272 -4.437 -3.851 0.582
24 -4.924 24 -4.380
Vessel 12 Microbial Control (high pH) Vessel 12 Microbial Control (high pH)
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 -4.810 -4.667 -4.667 -4.715
3 -0.119 -0.119 3 -4.690 -4.690
6 -0.102 0.088 0.183 0.056 6 -4.708 -4.756 -4.681 -4.715
12 0.431 0.578 0.564 0.524 12 -5.241 -5.246 -5.063 -5.183
28 1.072 1.072 28 -5.882 -5.882
Vessel 13 Brass (high pH) Vessel 13 Brass (high pH)
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -1.024 -1.024 3 -0.904 -0.904
6 -3.167 -2.711 -2.465 -2.781 0.356 6 -3.224 -2.768 -2.521 -2.838 0.356
12 -2.574 -3.732 -3.419 -3.242 0.599 12 -3.098 -4.257 -3.944 -3.766 0.599
24 24
Det. Lim Det. Lim
Vessel 14 Brass + Microbes + Lead (high pH)  NOT ON GRAPH Vessel 14 Brass + Microbes + Lead (high pH)  NOT ON GRAPH
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -0.849 -0.849 3 -0.729 -0.729
6 -2.648 -3.167 -2.648 -2.821 0.300 6 -2.704 -3.224 -2.704 -2.877 0.300
12 -3.079 -2.574 -3.079 -2.911 0.292 12 -3.604 -3.098 -3.604 -3.435 0.292
24 -4.681 -3.729 -4.205 0.673 24 -5.754 -5.754
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
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Figure 8. E. coli inactivation (A) and MS2 
inactivation (B) with brass at 2 g/L mixed 
in 2 mM NaHCO3 buffered DI water at pH 
6.5.  Reductions for Brass + Microbes pH 
6.5 (●) and Brass + Microbes pH 8.5 (). 
Symbols correspond to the average results 
of 3 runs, and error bars correspond to 
respective standard deviations. (– –) is the 
limit of detection.
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MS2 MS2 Control subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1 Detection limit
Time Time Standard
(hrs) Run 1 Run 2 Run 3 Average (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 -5.229 -4.658 -4.710 -4.866 0.316
1 -0.256 -0.365 -0.361 -0.328 1 -4.973 -4.292 -4.349 -4.538 0.378
3 -0.489 -1.078 -0.276 -0.614 3 -4.740 -3.580 -4.434 -4.251 0.601
6 -0.343 -0.451 -0.411 -0.401 6 -4.886 -4.207 -4.299 -4.464 0.369
12 -0.305 -0.481 -0.549 -0.445 12 -4.924 -4.176 -4.161 -4.420 0.436
24 0.050 -0.571 -1.385 -0.636 28 -5.279 -4.086 -3.325 -4.230 0.985
Vessel 3 Microbes + Brass - from Figure 1 Vessel 3 Microbes + Brass - from Figure 1
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.735 -1.102 -2.409 -1.415 0.880 1 -0.408 -0.775 -2.082 -1.428 0.880
3 -2.960 -3.466 -2.732 -3.053 0.376 3 -2.346 -2.852 -2.118 -2.485 0.376
6 -3.960 -4.193 -4.710 -4.288 0.384 6 -3.558 -3.792 -4.309 -4.050 0.384
12 -4.773 12 -4.328
24 24
Vessel 12 Microbial Control (high pH) Vessel 12 Detection limit
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 -5.172 -5.270 -5.453 -5.298
3 -0.082 -0.082 3 -5.090 -5.090
6 0.205 0.208 -0.023 0.130 6 -5.377 -5.477 -5.430 -5.428
12 0.551 0.360 0.218 0.376 12 -5.723 -5.629 -5.670 -5.674
28 0.536 0.536 28 -5.708 -5.708
Det. Lim -5.172 -5.270 -5.453 0.000 Det. Lim
Vessel 13 Brass (high pH) Vessel 13 Brass (high pH)
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -0.694 -0.694 3 -0.612 -0.612
6 -2.937 -2.845 -4.005 -3.262 0.645 6 -3.067 -2.975 -4.135 -3.392 0.645
12 -2.987 -4.228 -4.470 -3.895 0.795 12 -3.363 -4.604 -4.846 -4.271 0.795
24 -4.352 -4.352 24 -4.888 -4.888
Vessel 14 Brass + Microbes + Lead (high pH)  NOT ON GRAPH Vessel 14 Brass + Microbes + Lead (high pH)  NOT ON GRAPH
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -0.601 -0.601 3 -0.519 -0.519
6 -2.356 -1.243 -2.478 -2.026 6 -2.486 -1.373 -2.608 -2.156 0.681
12 -3.532 -2.255 -3.872 -3.220 12 -3.908 -2.631 -4.248 -3.596 0.852
24 #DIV/0! 24
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
MS2 Log Reduction MS2 Log Reduction
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Figure 9 
 
Copper Zinc
Vessel 3 Microbes + Brass - from figure 2 Vessel 3Microbes + Brass - from figure 2
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 6.077 0.691 7.403 4.724 3.555 0 116.471 8.286 28.844 51.200 57.453
1 35.024 56.270 103.504 35.778 57.644 32.119 1 457.931 393.459 726.433 666.459 561.070 160.398
3 89.837 141.518 236.227 63.986 132.892 76.058 3 1029.516 949.524 1584.098 1148.662 1177.950 282.857
6 96.896 222.915 295.356 105.394 180.140 95.953 6 1564.449 1602.747 2164.868 1931.161 1815.806 285.030
12 117.701 512.391 473.068 145.741 312.225 209.359 12 2607.333 4384.699 4729.374 3341.265 3765.668 971.903
24 73.635 494.284 362.143 261.282 297.836 177.322 24 3364.137 6362.900 7691.082 7039.943 6114.516 1912.089
Vessel  6 Microbes + Cu/Pb + Brass -from figure 2 Vessel  6Microbes + Cu/Pb + Brass -from figure 2
Time Time
(hrs) Run 1 Run 2 Run 3 Run 4 Average Standard Deviation (hrs) 13-Jan 20-Jan 3-Feb 27-Feb Average Standard Deviation
0 1422.998 1296.203 1328.466 1349.222 65.896 0 83.741 61.644 54.379 66.588 15.293
1 1410.508 1241.237 1253.129 984.178 1222.263 176.478 1 196.516 208.157 464.473 754.060 405.801 263.053
3 1224.994 1051.485 956.724 679.772 978.244 227.888 3 573.639 848.098 1111.679 1347.723 970.285 334.021
6 912.162 789.362 866.429 460.743 757.174 204.014 6 1118.714 1746.494 1940.649 2247.732 1763.397 476.760
12 449.930 598.599 536.062 324.824 477.354 118.553 12 2323.021 3327.620 4505.246 3405.383 3390.318 891.879
24 266.655 454.676 310.291 311.999 335.905 81.914 24 3876.936 6413.020 6483.485 7645.130 6104.643 1588.961
Vessel 13 Brass + Microbes pH8.5 Vessel 13Brass + Microbes pH8.5
Time Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.305 0.400 0.238 0.314 0.081 0 3.136 1.313 0.906 1.785 1.187
1 63.663 34.707 31.770 43.380 17.627 1 128.928 81.399 90.705 100.344 25.188
3 133.313 74.656 66.040 91.337 36.607 3 248.634 174.159 196.520 206.438 38.215
6 175.422 118.254 134.430 142.702 29.468 6 336.455 242.469 309.612 296.179 48.411
12 240.887 184.923 201.145 208.985 28.794 12 510.272 424.202 477.108 470.527 43.410
24 188.088 161.867 171.658 173.871 13.250 24 601.305 518.263 581.701 567.090 43.407
Vessel 15 Cu/Pb + Brass + Microbes pH 8.5 Vessel 15Cu/Pb + Brass + Microbes pH 8.5
Time Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 1828.196 967.002 961.122 1252.106 498.917 0 5.128 2.721 2.515 3.455 1.453
1 1698.512 889.423 984.107 1190.681 442.336 1 70.941 130.045 43.771 81.585 44.111
3 1587.727 941.726 916.477 1148.643 380.467 3 142.906 325.513 96.563 188.327 121.045
6 1491.824 881.197 1112.917 1161.980 308.256 6 371.572 567.783 213.425 384.260 177.519
12 1450.246 825.921 814.528 1030.232 363.788 12 601.212 720.645 511.237 611.031 105.049
24 1252.700 757.709 790.226 933.545 276.874 24 1646.077 925.842 3745.913 2105.944 1465.199
Lead
Vessel  6 Microbes + Cu/Pb + Brass -from figure 2
Time
(hrs) 13-Jan 20-Jan 3-Feb 27-Feb Average Standard Deviation
0 83.741 61.644 83.780 76.388 12.769
1 87.470 63.818 84.910 116.629 88.207 21.710
3 86.946 74.521 80.888 108.847 87.800 14.920
6 80.861 53.849 58.421 74.060 66.798 12.759
12 68.493 38.534 36.512 57.021 50.140 15.325
24 65.074 31.921 32.514 33.029 40.634 16.300
Vessel 13 Brass + Microbes pH8.5
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.135 0.053 0.004 0.064 0.066
1 0.138 0.018 0.036 0.064 0.065
3 0.145 0.006 0.071 0.074 0.069
6 0.272 0.182 0.119 0.191 0.077
12 0.137 0.114 0.160 0.137 0.023
24 0.137 0.080 0.187 0.135 0.054
Vessel 15 Cu/Pb + Brass + Microbes
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation
0 155.744 127.931 125.708 136.461 16.737
1 136.894 116.924 118.119 123.979 11.201
3 135.382 123.825 130.416 129.874 5.798
6 142.113 116.804 111.277 123.398 16.442
12 121.188 111.747 107.954 113.630 6.815
24 99.916 107.288 107.954 105.053 4.461
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Figure 9: Copper (A), Lead (B) and Zinc (C) concentrations with brass at 2 g/L mixed in 2 mM NaHCO3 buffered DI water.  Reductions for Brass + 
microbes pH 6.5 (●), Brass + 180 µg/L Pb2+ + 1,800 µg/L + microbes pH 6.5 () Brass + microbes pH 8.5 (), Brass 180 µg/L Pb2+ + 1,800 µg/L Cu2++ 
microbes pH 8.5().Symbols correspond to the average results of 3 runs, and error bars correspond to respective standard deviations. (▪▪▪) MCL for the US 
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Figure 10. 
 
  
E. Coli E. Coli Control subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1 Detection limit - from Figure 1
Time Standard Time
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average
0 0.000 0.000 0.000 0.000 0.000 0 -4.978 -4.982 -4.982 -4.981
1 -0.215 0.006 0.000 -0.070 0.126 1 -4.763 -5.021 -4.982 -4.922
3 -0.368 -0.024 -0.009 -0.134 0.203 3 -4.610 -4.991 -4.973 -4.858
6 -0.677 -0.128 -0.183 -0.329 0.302 6 -4.301 -4.886 -4.799 -4.662
12 -0.485 -0.237 -0.183 -0.302 0.161 12 -4.493 -4.778 -4.799 -4.690
24 -0.758 -0.413 -0.464 -0.545 0.186 28 -4.220 -4.602 -4.519 -4.447
Vessel 7 Microbes + Lead + Brass - from figure 1 Vessel 7 Microbes + Lead + Brass - from figure 1
Time E. Coli Log Reduction Standard Time E. Coli Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.244 -0.056 -0.176 -0.122 -0.150 0.080 1 -0.174 0.013 -0.176 -0.053 -0.097 0.095
3 -0.523 -0.381 -1.011 -0.259 -0.543 0.330 3 -0.389 -0.247 -1.011 -0.126 -0.443 0.132
6 -1.181 -1.011 -1.488 -1.466 -1.286 0.231 6 -0.852 -0.681 -1.488 -1.136 -1.039 0.230
12 -2.167 -2.936 -3.011 -2.567 -2.670 0.388 12 -1.865 -2.634 -3.011 -2.265 -2.444 0.385
24 -4.501 -4.496 24 -3.956 -3.951
Vessel 20 Microbes + Lead + 10x Brass Vessel 20 Microbes + Lead + 10x Brass
Time E. Coli Log Reduction Standard Time E. Coli Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.661 -0.661 1 -0.591 -0.591
3 -1.680 -1.454 -2.067 -1.734 0.310 3 -1.547 -1.321 -1.933 -1.600 0.310
6 -2.161 -2.544 -3.544 -2.750 0.714 6 -1.831 -2.215 -3.215 -2.420 0.714
12 -4.924 12 -4.623
MS2 MS2 Control subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1Detection limit - from Figure 1
Time Time Standard
(hrs) Run 1 Run 2 Run 3 Average (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 -5.229 -4.658 -4.710 -4.866 0.316
1 -0.256 -0.365 -0.361 -0.328 1 -4.973 -4.292 -4.349 -4.538 0.378
3 -0.489 -1.078 -0.276 -0.614 3 -4.740 -3.580 -4.434 -4.251 0.601
6 -0.343 -0.451 -0.411 -0.401 6 -4.886 -4.207 -4.299 -4.464 0.369
12 -0.305 -0.481 -0.549 -0.445 12 -4.924 -4.176 -4.161 -4.420 0.436
24 0.050 -0.571 -1.385 -0.636 28 -5.279 -4.086 -3.325 -4.230 0.985
Det. Lim -5.229 -4.658 -4.710 -4.866 Det. Lim
Vessel 7 Microbes + Lead + Brass - from figure 1 Vessel 7 Microbes + Lead + Brass - from figure 1
Time MS2 Log Reduction Standard Time MS2 Log Reduction
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000
1 -0.140 -1.878 -2.051 -1.729 -1.449 0.883 1 0.188 -1.551 -1.724 -1.401
3 -2.634 -4.507 -1.949 -2.729 -2.955 1.091 3 -2.020 -3.892 -1.335 -2.115
6 -3.071 -5.109 -3.148 -4.574 -3.976 1.024 6 -2.670 -4.707 -2.747 -4.173
12 -4.519 12 -4.073
24 24
Det. Lim Det. Lim
Vessel 20 Microbes + Lead + 10x Brass Vessel 20Microbes + Lead + 10x Brass
Time Standard Time Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -2.771 -2.771 1 -2.443 -2.443
3 -3.169 -2.787 -3.103 -3.020 0.204 3 -2.555 -2.173 -2.489 -2.405 0.204
6 -3.356 -3.616 -3.574 -3.515 0.140 6 -2.954 -3.215 -3.173 -3.114 0.140
12 12
24
E. Coli Log Reduction E. Coli Log Reduction
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Figure 10. E. coli (A) and MS2 (B) inactivation 
in 2 mM NaHCO3 buffered DI water.  
Reductions for 2 g/L Brass + microbes + 180 
µg/L Pb2+ () and 20 g/L Brass + microbes + 
180 µg/L Pb2+ (●). Symbols correspond to the 
average results of 3 runs, and error bars 
correspond to respective standard deviations.  (–
–) is the detection limit.
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Figure 11 
 
 
  
Copper Zinc
Vessel 7 Microbes + lead + Brass Vessel 7 Microbes + lead + Brass
Time Copper Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 2.096 6.137 2.294 3.509 2.278 0 62.287 10.599 63.075 45.320 30.072
1 35.068 70.474 294.187 47.119 111.712 122.535 1 406.507 634.600 1399.694 736.972 794.443 426.488
3 74.967 134.501 591.658 70.192 217.829 250.930 3 898.123 1319.297 3262.000 1159.688 1659.777 1082.166
6 88.910 242.232 654.352 117.951 275.861 260.942 6 1450.453 2371.983 4933.318 2046.703 2700.614 1536.605
12 99.471 400.261 655.131 197.283 338.037 245.728 12 2451.792 3750.459 9794.518 3464.060 4865.207 3333.095
24 155.282 606.671 418.752 259.328 360.008 196.929 24 4092.476 7095.922 ######## 6098.976 8107.313 4853.189
Vessel 20 Microbes + 10xBrass + Lead Vessel 20 Microbes + 10xBrass + Lead
Time Copper Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.486 0.836 0.644 0.656 0.175 0 3.498 15.834 6.890 8.741 6.373
1 127.765 127.765 1 2128.670 2128.670
3 178.553 147.960 157.969 161.494 15.598 3 5096.845 3915.309 3810.995 4274.383 714.180
6 181.979 213.110 203.698 199.596 15.966 6 6597.012 5272.886 5052.455 5640.784 835.420
12 139.582 262.580 194.893 199.018 61.603 12 3690.048 8606.517 7436.369 6577.645 2568.262
24 170.439 170.439 24 1219.059 1219.059
Lead
Vessel 7 Microbes + lead + Brass
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 138.579 144.729 141.334 141.547 3.080
1 124.263 122.855 106.195 124.857 119.543 8.938
3 118.604 81.696 118.010 106.103 21.139
6 115.733 103.982 67.049 122.631 102.349 24.761
12 110.112 80.591 46.536 95.420 83.165 27.232
24 106.308 47.720 37.026 61.950 63.251 30.466
Vessel 20 Microbes + 10xBrass + Lead
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation
0 207.631 206.091 206.345 206.689 0.825
1 118.054 118.054
3 9.699 12.364 12.021 11.361 1.450
6 2.314 2.693 2.487 2.498 0.189
12 0.190 0.845 0.846 0.627 0.379
24 0.022 0.022
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Figure 11. Copper (A), lead (B) and zinc (C) concentrations in 2 mM NaHCO3 buffered DI water.  Reductions for 2 g/L Brass + microbes + 180 µg/L Pb2+
() and 20  g/L Brass + microbes + 180 µg/L Pb2+ (●). Symbols correspond to the average results of 3 runs, and error bars correspond to respective 
standard deviations. (▪▪▪) is the MCL for the US EPA 1300 µg/L copper, 15 µg/L lead, 5000 µg/L zinc.
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Figure 12. 
  
E. Coli E. ColiControl subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1Microbial Control - from Figure 1
Time Standard Time
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average
0 0.000 0.000 0.000 0.000 0.000 0 -4.978 -4.982 -4.982 -4.981
1 -0.215 0.006 0.000 -0.070 0.126 1 -4.763 -5.021 -4.982 -4.922
3 -0.368 -0.024 -0.009 -0.134 0.203 3 -4.610 -4.991 -4.973 -4.858
6 -0.677 -0.128 -0.183 -0.329 0.302 6 -4.301 -4.886 -4.799 -4.662
12 -0.485 -0.237 -0.183 -0.302 0.161 12 -4.493 -4.778 -4.799 -4.690
24 -0.758 -0.413 -0.464 -0.545 0.186 28 -4.220 -4.602 -4.519 -4.447
Vessel 7 Microbes + Lead + Brass - from figure 1 Vessel 7Microbes + Lead + Brass - from figure 1
Time E. Coli Log Reduction Standard Time E. Coli Log Reduction
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.244 -0.056 -0.176 -0.122 -0.150 0.080 1 -0.174 0.013 -0.176 -0.053 -0.097
3 -0.523 -0.381 -1.011 -0.259 -0.543 0.330 3 -0.389 -0.247 -1.011 -0.126 -0.443
6 -1.181 -1.011 -1.488 -1.466 -1.286 0.231 6 -0.852 -0.681 -1.488 -1.136 -1.039
12 -2.167 -2.936 -3.011 -2.567 -2.670 0.388 12 -1.865 -2.634 -3.011 -2.265 -2.444
24 -4.501 -4.496 24 -3.956 -3.951
Vessel 20 Microbes + Lead + 10x Brass - from figure 6 Vessel 20Microbes + Lead + 10x Brass - from figure 6
Time E. Coli Log Reduction Standard Time E. Coli Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -0.661 -0.661 1 -0.591 -0.591
3 -1.680 -1.454 -2.067 -1.734 0.310 3 -1.547 -1.321 -1.933 -1.600 0.310
6 -2.161 -2.544 -3.544 -2.750 0.714 6 -1.831 -2.215 -3.215 -2.420 0.714
12 -4.924 12 -4.623
Vessel 18 Microbial Control no mixing Vessel 18Microbial Control no mixing
Time E. Coli Log Reduction Standard Time E. Coli Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 -5.158 -4.903 -4.833 -4.965 0.171
3 -0.209 -0.209 3 -4.949 -4.949
6 -0.176 -0.176 6 -4.982 -4.982
12 -0.410 -0.301 -0.276 -0.329 0.071 12 -4.748 -4.602 -4.556 -4.636 0.100
24 -0.464 -0.208 -0.264 -0.312 0.134 28 -4.695 -4.695 -4.568 -4.652 0.073
Det. Lim -5.158 -4.903 -4.833 -5.014 0.080 Det. Lim
Vessel  19 Microbes + Brass + Lead no mixing Vessel  19Microbes + Brass + Lead no mixing
Time E. Coli Log Reduction Standard Time E. Coli Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -0.130 -0.130 3 0.079 0.079
6 -0.255 -0.255 6 -0.078 -0.078
12 -0.184 -1.012 0.071 -0.375 0.566 12 0.145 -0.683 0.400 -0.046 0.566
24 -0.129 -1.857 -0.264 -0.750 0.961 24 0.184 -1.545 0.048 -0.438 0.961
Det. Lim Det. Lim
Vessel 21 Microbes + 10xBrass + Lead no mixing Vessel 21Microbes + 10xBrass + Lead no mixing
Time E. Coli Log Reduction Standard Time E. Coli Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
3 -0.114 -0.114 3 0.095 0.095
6 -0.184 -0.184 6 -0.008 -0.008
12 -0.139 -0.461 -0.903 -0.501 0.383 12 0.190 -0.132 -0.574 -0.172 0.383
24 -0.235 -1.415 -0.903 -0.851 0.592 24 0.077 -1.103 -0.591 -0.539 0.592
E. Coli Log Reduction E. Coli Log Reduction
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Figure 12. E. coli (A) and MS2 (B) inactivation 
in 2 mM NaHCO3 buffered DI water.  
Reductions for 2 g/L Brass + microbes + 180 
µg/L Pb2+ with mixing (), 2 g/L Brass + 
microbes + 180 µg/L Pb2+ without mixing (∆), 20  
g/L Brass + microbes + 180 µg/L Pb2+ with 
mixing (●), 20  g/L Brass + microbes + 180 
µg/L Pb2+ without mixing (). Symbols 
correspond to the average results of 3 runs, and 
error bars correspond to respective standard 
deviations. (– –) is the detection limit
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Figure 12 
 
 
 
  
MS2 MS2 Control subtracted
Vessel 1 Microbial Control - from Figure 1 Vessel 1 Detection limit - from Figure 1
Time Time Standard
(hrs) Run 1 Run 2 Run 3 Average (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0 -5.229 -4.658 -4.710 -4.866 0.316
1 -0.256 -0.365 -0.361 -0.328 1 -4.973 -4.292 -4.349 -4.538 0.378
3 -0.489 -1.078 -0.276 -0.614 3 -4.740 -3.580 -4.434 -4.251 0.601
6 -0.343 -0.451 -0.411 -0.401 6 -4.886 -4.207 -4.299 -4.464 0.369
12 -0.305 -0.481 -0.549 -0.445 12 -4.924 -4.176 -4.161 -4.420 0.436
24 0.050 -0.571 -1.385 -0.636 28 -5.279 -4.086 -3.325 -4.230 0.985
Vessel 7 Microbes + Lead + Brass - from figure 1 Vessel 7Microbes + Lead + Brass - from figure 1
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000
1 -0.140 -1.878 -2.051 -1.729 -1.449 0.883 1 0.188 -1.551 -1.724 -1.401 -1.122 0.883
3 -2.634 -4.507 -1.949 -2.729 -2.955 1.091 3 -2.020 -3.892 -1.335 -2.115 -2.340 1.091
6 -3.071 -5.109 -3.148 -4.574 -3.976 1.024 6 -2.670 -4.707 -2.747 -4.173 -3.574 1.024
12 -4.519 12 -4.073
24 24
Vessel 20 Microbes + Lead + 10x Brass - from figure 6 Vessel 20 Microbes + Lead + 10x Brass - from figure 6
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
1 -2.771 -2.771 1 -2.443 -2.443
3 -3.169 -2.787 -3.103 -3.020 0.204 3 -2.555 -2.173 -2.489 -2.405 0.204
6 -3.356 -3.616 -3.574 -3.515 0.140 6 -2.954 -3.215 -3.173 -3.114 0.140
12 12
24
Vessel 18 Microbial Control no mixing
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 -4.898 -4.996 -4.996 -4.963 0.057
3 3 -4.898 -4.996 -4.996 -4.963 0.057
6 0.199 -0.035 -0.037 0.042 0.136 6 -5.097 -4.960 -4.959 -5.005 0.079
12 0.353 0.041 -0.170 0.075 0.263 12 -5.251 -5.037 -4.826 -5.038 0.212
24 0.619 -0.073 -0.305 0.080 0.481 28 -5.517 -4.922 -4.690 -5.043 0.427
Vessel  19 Microbes + Brass + Lead no mixing Vessel  19 Microbes + Brass + Lead no mixing
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
6 -2.406 -1.557 -1.177 -1.714 0.629 6 -2.449 -1.599 -1.220 -1.756 0.629
12 -2.784 -2.028 -1.726 -2.179 0.545 12 -2.859 -2.103 -1.801 -2.254 0.545
24 -3.483 -2.374 -2.442 -2.766 0.621 24 -3.563 -2.454 -2.522 -2.846 0.621
Vessel 21 Microbes + 10xBrass + Lead no mixing Vessel 21 Microbes + 10xBrass + Lead no mixing
Time MS2 Log Reduction Standard Time MS2 Log Reduction Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.000 0.000 0.000 0.000 0.000 0 0.000 0.000 0.000 0.000 0.000
6 -2.121 -1.234 -1.200 -1.518 0.522 6 -2.164 -1.276 -1.242 -1.561 0.522
12 -2.313 -1.465 -1.337 -1.705 0.530 12 -2.388 -1.540 -1.412 -1.780 0.530
24 -3.037 -1.552 -1.870 -2.153 0.782 24 -3.117 -1.632 -1.950 -2.233 0.782
MS2 Log Reduction MS2 Log Reduction
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Figure 13 
 
Copper Zinc
Vessel 7 Microbes + lead + Brass Vessel 7 Microbes + lead + Brass
Time Copper Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation (hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 2.096 6.137 2.294 3.509 2.278 0 62.287 10.599 63.075 45.320 30.072
1 35.068 70.474 294.187 47.119 111.712 122.535 1 406.507 634.600 1399.694 736.972 794.443 426.488
3 74.967 134.501 591.658 70.192 217.829 250.930 3 898.123 1319.297 3262.000 1159.688 1659.777 1082.166
6 88.910 242.232 654.352 117.951 275.861 260.942 6 1450.453 2371.983 4933.318 2046.703 2700.614 1536.605
12 99.471 400.261 655.131 197.283 338.037 245.728 12 2451.792 3750.459 9794.518 3464.060 4865.207 3333.095
24 155.282 606.671 418.752 259.328 360.008 196.929 24 4092.476 7095.922 ######## 6098.976 8107.313 4853.189
Vessel 20 Microbes + 10xBrass + Lead Vessel 20 Microbes + 10xBrass + Lead
Time Copper Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.486 0.836 0.644 0.656 0.175 0 3.498 15.834 6.890 8.741 6.373
1 127.765 127.765 1 2128.670 2128.670
3 178.553 147.960 157.969 161.494 15.598 3 5096.845 3915.309 3810.995 4274.383 714.180
6 181.979 213.110 203.698 199.596 15.966 6 6597.012 5272.886 5052.455 5640.784 835.420
12 139.582 262.580 194.893 199.018 61.603 12 3690.048 8606.517 7436.369 6577.645 2568.262
24 170.439 170.439 24 1219.059 1219.059
Vessel 19 Brass + Microbes + Lead No stirring Vessel 19 Brass + Microbes + Lead No stirring
Time Copper Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 0.697 0.641 0.876 0.738 0.123 0 2.764 16.082 12.352 10.399 6.870
3 5.763 5.763 3 314.785 314.785
6 12.824 12.824 6 431.479 431.479
12 22.899 144.072 50.549 72.507 63.500 12 693.209 1039.956 1704.476 1145.881 513.887
24 37.418 158.331 56.344 84.031 65.037 24 1195.043 1614.658 2066.284 1625.328 435.718
Vessel 21 Microbes + 10xBrass + Lead no stirring Vessel 21 Microbes + 10xBrass + Lead no stirring
Time Copper Standard Time Zinc Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation (hrs) Run 1 Run 2 Run 3 Average Deviation
0 1.100 0.836 0.876 0.937 0.142 0 15.340 15.834 12.352 14.509 1.884
1 20.897 20.897 1 80.290 80.290
3 27.304 27.304 3 393.345 393.345
6 39.070 39.070 6 680.975 680.975
12 41.046 93.744 50.549 61.780 28.087 12 764.573 1676.666 1704.476 1381.905 534.806
24 44.607 106.401 56.344 69.117 32.818 24 985.407 2385.417 2066.284 1812.369 733.731
Lead
Vessel 7 Microbes + lead + Brass
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Run 4 Average Deviation
0 138.579 144.729 141.334 141.547 3.080
1 124.263 122.855 106.195 124.857 119.543 8.938
3 118.604 81.696 118.010 106.103 21.139
6 115.733 103.982 67.049 122.631 102.349 24.761
12 110.112 80.591 46.536 95.420 83.165 27.232
24 106.308 47.720 37.026 61.950 63.251 30.466
Vessel 20 Microbes + 10xBrass + Lead
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation
0 207.631 206.091 206.345 206.689 0.825
1 118.054 118.054
3 9.699 12.364 12.021 11.361 1.450
6 2.314 2.693 2.487 2.498 0.189
12 0.190 0.845 0.846 0.627 0.379
24 0.022 0.022
Vessel 19 Brass + Microbes + Lead No stirring
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation
0 183.046 204.328 200.585 195.986 11.362
3 176.573 176.573
6 175.236 175.236
12 157.449 180.643 124.973 154.355 27.964
24 158.182 179.015 120.634 152.610 29.587
Vessel 21 Microbes + 10xBrass + Lead no stirring
Time Lead Standard
(hrs) Run 1 Run 2 Run 3 Average Deviation
0 173.111 206.091 200.585 193.263 17.667
1 173.986 173.986
3 155.543 155.543
6 147.897 147.897
12 132.288 160.737 124.973 139.333 18.894
24 113.054 147.393 120.634 127.027 18.040
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Figure 13. Copper (A), Lead (B) and Zinc (C) concentrations with brass in 2 mM NaHCO3 buffered DI water.  Reductions for 2 g/L Brass + microbes + 180 
µg/L Pb2+ with mixing (), 2 g/L Brass + microbes + 180 µg/L Pb2+ without mixing (∆), 20  g/L Brass + microbes + 180 µg/L Pb2+ with mixing (●), 20  g/L 
Brass + microbes + 180 µg/L Pb2+ without mixing (). Symbols correspond to the average results of 3 runs, and error bars correspond to respective standard 
deviations.  (▪▪▪) is the MCL for the US EPA 1300 µg/L copper, 15 µg/L lead, 5,000 µg/L zinc.
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Figure 14 
 
  
E. Coli
120 EBCT E. coli and MS2 120 EBCT E. coli and MS2 and Lead
Time Standard Time Standard
(hrs) G J Average Deviation (hrs) A B N Average Deviation
10 -1.398 -1.179 -1.288 0.155 10 -0.469 -0.756 -1.023 -0.749 0.277
250 -1.091 -0.651 -0.871 0.311 250 -0.153 -0.039 -0.571 -0.254 0.280
500 0.023 0.023 #DIV/0! 500 -0.091 -0.038 -0.081 -0.070 0.028
750 -0.104 -0.301 -0.203 0.139 750 -0.072 0.000 -0.047 -0.040 0.037
Det. Lim Det. Lim
10 EBCT E. coli and MS2 10 EBCT E. coli and MS2 and Lead
Time Standard Time Standard
(hrs) I O Average Deviation (hrs) C D S Average Deviation
10 0.026 -0.655 -0.314 0.482 10 -0.067 -0.089 -0.304 -0.153 0.131
250 0.049 -0.136 -0.044 0.131 250 -0.106 0.022 0.033 -0.017 0.077
500 -0.028 0.035 0.003 0.044 500 0.059 -0.011 0.020 0.023 0.035
750 -0.113 -0.259 -0.186 0.103 750 -0.069 -0.018 0.012 -0.025 0.041
Det. Lim Det. Lim
MS2
120 EBCT E. coli and MS2 120 EBCT E. coli and MS2 and Lead
Time Standard Time Standard
(hrs) G H J Average Deviation (hrs) A B N Average Deviation
10 -4.687 -4.311 -2.925 -3.974 0.928 10 -1.544 -2.479 -1.210 -1.744 0.658
250 -0.973 -0.526 -1.016 -0.838 0.271 250 -0.778 -0.778
500 -0.445 -0.328 -0.387 0.083 500 0.189 -0.204 -0.008 0.278
750 -0.298 -0.243 -0.161 -0.234 0.069 750 -0.155 -0.301 -0.095 -0.184 0.106
Det. Lim Det. Lim
10 EBCT E. coli and MS2 10 EBCT E. coli and MS2 and Lead
Time Standard Time Standard
(hrs) I O Average Deviation (hrs) C Average Deviation
10 -0.848 -1.201 -1.024 0.250 10 -0.185 -0.185 #DIV/0!
250 0.016 -0.400 -0.192 0.294 250 -0.342 -0.342 #DIV/0!
500 -0.141 -0.442 -0.291 0.213 500 -0.210 -0.210 #DIV/0!
750 -0.221 -0.272 -0.246 0.036 750 -0.220 -0.220 #DIV/0!
Det. Lim Det. Lim
MS2 Log Reduction E. Coli Log Reduction
E. Coli Log Reduction E. Coli Log Reduction
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Figure 12. E. coli (A) and MS2 (B) inactivation in 
2 mM NaHCO3 buffered DI water.  Reductions 
for 2 g/L Brass + microbes + 180 µg/L Pb2+ with 
mixing (), 2 g/L Brass + microbes + 180 µg/L 
Pb2+ without mixing (∆), 20  g/L Brass + microbes 
+ 180 µg/L Pb2+ with mixing (●), 20  g/L Brass + 
microbes + 180 µg/L Pb2+ without mixing (). 
Symbols correspond to the average results of 3 
runs, and error bars correspond to respective 
standard deviations. (– –) is the detection limit
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Figure 15 
  
Lead Zinc Copper
120 EBCTE. coli and MS2 and Lead 120 EBCTE. coli and MS2 and Lead 120 EBCT E. coli and MS2 and Lead
Time Standard Time Standard Time Standard
(hrs) a A N Average Deviation (hrs) a A N Average Deviation (hrs) a A N Average Deviation
10 0.984 0.960 0.800 0.915 0.100 10 6028.128 4764.707 2724.079 4505.638 1667.190 10 55.463 27.777 34.877 39.373 14.380
250 0.194 0.570 0.382 0.266 250 1848.038 952.436 1400.237 633.286 250 32.794 18.281 25.537 10.262
500 0.222 0.137 0.568 0.309 0.228 500 2207.524 2121.269 644.505 1657.766 878.569 500 54.911 32.188 16.291 34.464 19.411
750 0.210 0.327 0.353 0.297 0.076 750 1447.021 1126.663 265.763 946.482 610.894 750 43.734 33.031 11.324 29.363 16.513
Det. Lim Det. Lim Det. Lim
10 EBCTE. coli and MS2 and Lead 10 EBCTE. coli and MS2 and Lead 10 EBCT E. coli and MS2 and Lead
Time Standard Time Standard Time Standard
(hrs) C D V Average Deviation (hrs) C D V Average Deviation (hrs) C D V Average Deviation
10 0.906 0.958 0.932 0.037 10 1137.049 641.456 889.253 350.437 10 58.668 91.873 46.544 65.695 23.467
250 0.141 0.152 0.146 0.007 250 713.578 480.375 596.976 164.899 250 40.363 34.888 37.625 3.872
500 0.133 0.418 0.066 0.206 0.187 500 596.644 1234.792 265.643 699.026 492.619 500 56.134 101.924 47.592 68.550 29.217
750 0.012 0.164 0.082 0.086 0.076 750 645.398 1112.046 354.831 704.092 382.005 750 32.065 95.219 41.247 56.177 34.122
Det. Lim Det. Lim Det. Lim
120 EBCTE. coli + MS2 120 EBCT E. coli + MS2
Time Standard Time Standard
(hrs) G H J Average Deviation (hrs) G H J Average Deviation
10 1383.646 1225.714 3191.311 1933.557 1092.106 10 55.863 67.366 53.997 59.075 7.240
250 927.896 757.435 642.520 775.950 143.586 250 66.812 84.582 28.556 59.983 28.630
500 414.751 1270.592 577.675 754.339 454.449 500 73.004 69.594 47.037 63.212 14.111
750 384.087 494.392 644.579 507.686 130.754 750 71.902 48.592 46.589 55.694 14.072
Det. Lim Det. Lim
10 EBCTE. coli and MS2 10 EBCT E. coli and MS2
Time Standard Time Standard
(hrs) I O Average Deviation (hrs) I O Average Deviation
10 1685.202 1685.202 0 21.173 21.173
250 798.806 1064.690 931.748 188.009 250 34.557 21.510 28.034 9.226
500 919.704 813.659 866.681 74.985 500 40.112 25.349 32.731 10.439
750 656.413 393.337 524.875 186.023 750 40.981 28.943 34.962 8.513
Det. Lim Det. Lim
10 EBCTLead only 10 EBCTLead Only 10 EBCT Lead Only
Time Standard Time Standard Time Standard
(hrs) S T U Average Deviation (hrs) S T U Average Deviation (hrs) S T U Average Deviation
10 95.5% 97.1% 97.7% 0.968 0.011 10 1681.013 1540.502 1099.405 1440.307 303.474 10 4.982 11.939 9.848 8.923 3.570
250 42.6% 40.9% 40.0% 0.412 0.013 250 993.795 1049.322 494.258 845.792 305.700 250 4.945 7.851 11.107 7.968 3.082
500 27.3% 18.3% 30.4% 0.253 0.063 500 1038.205 314.021 524.377 625.534 372.539 500 6.466 12.367 9.895 9.576 2.964
750 14.7% 18.1% 20.7% 0.178 0.030 750 352.709 1124.853 415.886 631.149 428.725 750 7.987 7.932 14.883 10.267 3.997
Det. Lim Det. Lim Det. Lim
Zinc Release Copper release
Zinc Release Copper release
Lead reduction Zinc Release Copper release
Lead reduction Zinc Release Copper release
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Figure 15: Zinc (A, D) and Copper (B, E) release and Lead (C, F) reduction in 2 mM NaHCO3 buffered DI water.  Metal concentrations for 
120 EBCT (A, B, C) and 10 EBCT (D, E, F).  E. coli + MS2 (), E. coli + MS2 + 180 µg/L Pb2+ (○), and 180 µg/L Pb2+ (x). Shown are 
average results of 3 runs with standard deviations (error bars)
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